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1INTRODUCTION
Clear, viscous secretions were recognised as 
components of the animal body more than 100 years ago, 
and the term "mucin" was introduced to describe them* 
The widespread occurrence of mucinous substances in 
such diverse materials as gastric mucin, cartilage, 
tumour fluids, blood group substances and elsewhere in 
Nature suggests important roles for them in biological 
processes. Florey (1955) in his Croonian lecture, 
"Mucin and the protection of the body", surveyed some 
of their functions. In the digestive tract mucin acts 
as lubricant in assisting the forward passage of food 
particles, and protects the lining cells of the mucosa 
against mechanical trauma; in both the respiratoiy 
and intestinal tracts mucin protects sensitive cells 
against invading micro-organisms by adsorbing and 
engulfing them, at least for some time.
Mucins were soon recognised as different from 
other tissue components in forming viscous solutions 
in water, from which they were precipitated in the 
cold by acetic acid. In a study of mucins from the 
snail Helix pomatia Eichwald (1865) recognised that a 
reducing substance was formed on acid hydrolysis, but 
concluded wrongly that it was glucose. Subsequent 
investigations by other workers, including Obolenski
2(1871) and Wolfenden (1884), showed that the substance
»Idiffered from glucose in containing nitrogen; Muller 
(1901) isolated from bronchial mucin an amino sugar, 
chitosamine (glucosamine) as its hydrochloride, and 
demonstrated that acetyl groups were present in the 
mucin in equimolar ratio with the glucosamine.
Landwehr (1882) had suggested that the carbohydrate 
and protein were present in the complexes as a 
mechanical mixture. Hammarsten (1888) however, in his 
classical studies, established that submaxillary mucins 
contain chemically linked carbohydrate-protein 
complexes; he demonstrated the acidic character of the 
mucins and often referred to them as ’’glycoproteids".
In 1892 Freund found that the heat-stable fraction 
of serum contained carbohydrate-protein complexes. 
Zanetti (1903) named the fraction "seromucoid” by 
analogy with ovomucoid, and prepared tetrabenzoyl- 
glucosamine from an acid hydrolysate. Bywaters (1909) 
confirmed Zanetti’s finding, and further commented on 
the ease with which carbohydrate is released from the 
protein by mild alkali treatment.
Some evidence had also been presented that simple 
proteins might contain small amounts of carbohydrate. 
Pavy (1893) and Eichholz (1898) prepared glucosazone 
from a hydrolysate of coagulated egg white. From a
3 .
c r y s t a l l i n e  p r e p a r a t i o n  o f  egg a lb u m in ,  th e  same 
o sazone  was p r e p a r e d  ( H o f m e is t e r ,  1898; L a n g s te in ,
1 9 0 2 ) ,  and a l s o  g lu c o s a m in e  h y d r o c h l o r i d e  (Seem an, 1 8 9 8 ) .  
N e v e r t h e l e s s ,  th e  r e s u l t s  were c o n s id e r e d  e q u iv o c a l  
b e c a u se  o f  th e  low y i e l d s  o f  c a r b o h y d r a te  and th e  
p o s s i b i l i t y  o f  m ucin b e in g  an i m p u r i t y .
L u r in g  th e  n e x t  few d e c a d e s  c o n s i d e r a b le  a t t e n t i o n  
was p a id  to  th e  i s o l a t i o n  and s t r u c t u r a l  i n v e s t i g a t i o n s  
on c a r b o h y d r a te  com plexes  o f  c o n n e c t iv e  t i s s u e  (L evene, 
1 9 2 5 ) .  C h o n d r o i t in  s u l p h a t e ,  an e a s i l y  a c c e s s i b l e  
s u l p h a t e d  c a r b o h y d r a t e - p r o t e i n  com plex, o c c u rs  i n  
c o n n e c t iv e  t i s s u e , a l th o u g h  i t s  main s o u r c e s  a r e  n a s a l  
s e p t a ,  ten d o n s  and th e  a o r t a .  The hexosam ine  com ponent, 
r e c o g n i s e d  a s  d i f f e r e n t  from  g lu c o s a m in e ,  was named 
chondrosam ine  (L evene and L aF o rg e , 1913 , 1 9 1 4 ) .  I n  
m u c o i t in  s u l p h a t e  (L ev en e ,  1925) and h e p a r in  ( J o r p e s  
and B e rg s t ro m , 1937) how ever, t h e  hexosam ine  was 
i d e n t i f i e d  a s  g lu c o s a m in e .
Meyer and a s s o c i a t e s  a l s o  s t u d i e d  t h e s e  m a t e r i a l s ,  
e s p e c i a l l y  th e  c h o n d r o i t i n  s u l p h a t e - p r o t e i n  com plexes 
(M eyer, P a lm e r  and Smyth, 1937; Meyer, 1 9 3 8 ) .  They 
co n c lu d ed  t h a t  th e  com plexes were s a l t s  i n v o lv i n g  th e  
-C00H and -SO^H g ro u p s  o f  c h o n d r o i t i n  s u l p h a t e  and 
-NHg g ro u p s  o f  th e  p r o t e i n .
Two d i s c o v e r i e s ,  v/hich l a t e r  p roved  to  be v e ry
4.
important, were made in this period. Firstly Blix 
(1936) obtained a new, unidentified acidic sugar, as 
a crystalline mixture from bovine submaxillary gland 
mucin. These components are now known to be essential 
parts of the prosthetic groups of many biologically 
active macromolecules. Secondly, Neuberger (1938) 
established that egg albumin is also a carbohydrate- 
protein complex. Further, he isolated the carbohydrate 
as a homogeneous, non-reducing complex in high yield; 
in the light of current knowledge this was the first 
preparation of an undegraded prosthetic group with 
few amino acids attached.
Observations in the field of virology over the 
next decade revived interest in mucins. Burnet (1948) 
showed: (l) that many mucins of human and animal
origin inhibited haemagglutination, a phenomenon shown 
by non-infective influenza virus, and (2) that living 
influenza virus destroyed this inhibitory activity of 
such mucins. Biochemical studies by G-ottschalk and 
Lind (1949) showed that living influenza virus, when 
allowed to act on the ovomucin fraction of hen egg 
white released a small molecular weight compound.
The unusual, properties of the compound attracted 
interest from other quarters, and its similarity to 
Blix's acid, now known as sialic acid (Blix, Svennerholm
5.
and Werner, 1952) was soon realized. Within the next 
few years the basic structure of sialic acids was 
elucidated and proved conclusively by its chemical 
synthesis (Cornforth, Daines and Gottschalk, 1957).
Simultaneously interest in the linkage between 
carbohydrate and protein in these complexes was revived. 
It was perhaps appropriate that egg albumin, a 
crystalline carbohydrate-protein complex, should be 
most widely chosen for these studies (Cunningham,
Nuenke and Nuenke, 1957; Johansen, Marshall and 
Heuberger, 1958; Jevons, 1958).
Carbohydrate—protein complexes present three main 
chemical problems. Each of these fundamental features 
of carbohydrate-protein complexes, such as the 
structure of the carbohydrate moiety, the amino acid 
sequence and the linkage(s) between carbohydrate and 
protein is worthy of interest in its own right. In 
this thesis, a general study is made of the last aspect, 
and of methods used in its elucidation; a detailed 
study on some potent inhibitors of influenza virus 
haemagglutinin is also presented.
ihe project had as its specific aim the establish­
ment of the type(s) of linkage between the multiple 
carbohydrate prosthetic groups and the polypeptide chain(s)
6 .
i n  th e  i n h i b i t o r s .  At t h e  t im e  when i n v e s t i g a t i o n s  
were s t a r t e d ,  th e  r e l e v a n t  l i t e r a t u r e  com prised  l e s s  
th a n  h a l f - d o z e n  p a p e r s .  A l l  r e p o r t e d  s i m i l a r  m ethods, 
nam ely e x t e n s i v e  p r o t e o l y t i c  d i g e s t i o n ,  f r a c t i o n a t i o n  
to  o b t a i n  c a r b o h y d r a t e - e n r i c h e d  p r e p a r a t i o n s  and 
f i n a l l y  th e  combined u se  o f  c a r b o x y p e p t id a s e  a n d / o r  
l e u c in e  a m in o p e p t id a s e , t o g e t h e r  w i th  th e  E - t e r m i n a l  
t e c h n iq u e  o f  S a n g e r  (1945) to  e s t a b l i s h  th e  amino a c id  
in v o lv e d  i n  l i n k a g e  w i th  t h e  c a r b o h y d r a t e .  W ith a 
v iew  to  th e  g e n e r a l  p rob lem  o f  l i n k a g e  i n v e s t i g a t i o n s  
i n  c a r b o h y d r a t e - p r o t e i n  c o m p lex e s ,  i t  was c o n s id e r e d  
t h a t  an a p p ro a c h  u s in g  s p e c i f i c  o r  r e l a t i v e l y  s p e c i f i c  
c h e m ic a l  r e a g e n t s  sh o u ld  be a t t e m p te d ,  t h a t  i t  m i^ i t  
c o n t r i b u t e  a  g e n e r a l  method f o r  s tu d y  o f  l i n k a g e s .
The c h e m ic a l  r e a g e n t s ,  a l k a l i ,  l i t h i u m  b o ro h y d r id e  
(LiBH4 ) and h y d ro x y lam in e  (BHg0H) have been  used to  
e s t a b l i s h  t h e  p re d o m in a n t  c a r b o h y d r a t e - p r o t e i n  l in k a g e  
i n  p u r i f i e d  h a e m a g g lu t in in  i n h i b i t o r s  o f  b o th  o v in e  
and bov ine  s u b m a x i l l a r y  g la n d  m ucin  (OSM and BSM 
r e s p e c t i v e l y ) .  The l i n k a g e ,  an e s t e r ,  i n v o lv e s  th e  
s i d e  c h a in  c a r b o x y l  g roup  o f  a s p a r t y l  and g lu ta m y l  
r e s i d u e s  i n  th e  p r o t e i n  m o ie ty  ( u n e q u iv o c a l ly  e s t a b l i s h e d  
f o r  BSM) and th e  r e d u c in g  g roup  o f  a - D - s i a l y l - ( 2 6 ) -
i i-a ce  t y l g a l a c t o s a m i n e , th e  d i s a c c h a r i d e  w hich  i s  th e  
m ain  i f  n o t  o n ly  ty p e  o f  p r o s t h e t i c  g roup  i n  t h e s e
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macromolecules. The results are presented in three 
papers, the first two of which have been published* 
Paper 3 will be submitted for publication in modified 
form. No method was entirely satisfactory on its own 
due to side reactions, but the methods supplemented 
each other in providing qualitative and quantitative 
evidence for the glycosidic ester linkage. Data 
compatible with trie presence of a second type of 
carbohydrate-protein linkage in the OSM preparation 
studied are presented in Paper 4.
8 .
1. INHIBITION OP INFLUENZA VIRUS HAEMG-GLUTININ
A* Concept of influenza virus haemagglutinin and its 
receptor on the erythrocyte surface,
Hirst (1941) and McClelland and Hare (1941) 
observed independently that influenza virus, when added 
to chicken red cells, was strongly adsorbed to them, 
ihe virus particle served to bridge erythrocytes and 
caused their clumping (haemagglutination). Later Hirst 
(1942) showed that if the temperature of the agglutinated 
red cells was raised to 37°, the virus was eluted from 
tne cells, the cells became inagglutinable by fresh 
virus, and the eluted virus was fully functional.
The interpretations which Hirst placed on these 
observations challenged the view generally held at the 
time that viruses, in contrast to bacteria are devoid 
of enzymes. Hirst regarded the haemagglutination 
phenomenon as analagous to formation of an enzyme- 
substrate complex; an enzyme, embedded in the virus 
structure complexed with its substrate, resident in 
some area(s) of the red cell surface. Elution of the 
virus reflected removal or destruction of the receptor 
area(s).
Support for the interpretation was provided by 
the discovery in cultures of Vibrio cholerae of a
9 »
soluble exo-enzyme, which imitated the effect of 
influenza virus on red cell receptors (Burnet, McCrea 
and Stone, 1946), Burnet and Stone (1947) termed it 
receptor destroying enzyme (RUE). Furthermore, Briody 
(1948; demonstrated that influenza virus, after being 
heated at 55° for 30 min is still absorbed to and 
thereby agglutinates red cells, but fails to elute 
spontaneously.
The data suggested that the surface of the virus 
particle was specially adapted to combine with cellular 
surfaces, and also carried an enzyme. The activity of 
the latter was destroyed by the gentle heat treatment, 
without impaiment of the haem agglutinin. Such virus 
was defined as "indicator virus" (Briody, 1948; Stone, 
19*±0). A common point of attack on cellular receptors 
oy bo oh the viral enzyme and RDE was also suggested by 
these findings.
Ihe carbohydrate nature of the cellular receptors 
was first indicated by Hirst’s observation (1945) that 
treatment of erythrocytes with potassium periodate 
destroyed the receptors, thus rendering the cells 
inagglutinable by influenza virus. Gentler conditions 
of periodate exidation (0.001M) were found to modify 
the receptors such that they were no longer destroyed 
by the viral enzyme, although they retained their
10.
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adsorptive capacity for the virus (Fazekas de St. Groth, 
1949).
j-t i on Ox influenza virus haemagglutinin
Francis (1947) demonstrated that the haemagglutinin 
of "indicator virus" is readily inhibited by normal 
human and rabbit sera. This inhibitory factor was 
found by MeOrea (1948) to reside in the "seromucoid" 
fraction (Eimington, 1940), and recognised as a property 
shared by a variety of mucins of maminalian origin e.g. 
human meconium, ovarian cyst mucin, cervical mucin, 
respiratory mucin, sheep and ox submaxillary mucin 
(Burnet, McCrea and Anderson, 1947; Anderson; 1948). 
Potent inhibitors of influenza virus haemagglutinin were 
also found in the ovomucin fraction of hen egg white 
(Gottschalk and Lind, 1949; Lanni et al., 1949) and in 
human urine (Tamm and Horsfall, 1950).
All the mucins lost their inhibitory property 
after treatment with living influenza virus, RDE or 
0.01M periodate. The results suggested that certain 
components of the soluble mucins inhibit influenza virus 
haemagglutinin by competing with red cell receptors for 
it, and that cellular receptors and their soluble 
analagous have some structural feature in common, 
probably of carbohydrate nature. Furthermore, this 
common structure was substrate both for the viral enzyme
11.
and for RUE.
Red blood cells are not host cells for influenza 
virus propagation. Nevertheless, all above phenomena 
were observed when the system of influenza virus and 
host cells (respiratory cells of the excised ferret or 
mouse lung) was tested (Hirst, 1943; Fazekas de St.
Groth and Graham, 1949), and left little doubt that red 
blood cells are suitable models for study of virus-host 
cell interrelationship (Hirst, 1942; Burnet, 1948;
Gottschalk, 1959 ).
G . Haemagglutinin inhibitors from red blood cells.
The preparation from erythrocytes of materials 
which possess inhibitory activity to influenza virus 
haemagglutinin has been reported by several investigators. 
The first such preparation was obtained in 1948 from 
human red cells and shown to contain carbohydrate,
(-L.e -burgh, lu, Howe and Bovarnick). Subsequent in­
vestigations by Howe (1951) and McCrea (1953) indicated 
that the receptor substance for influenza virus at the 
surface of the red cell was a carbohydrate—lipid-protein 
complex. Purification procedures were designed which 
removed firmly bound lipid, whilst retaining the 
receptor properties of the remaining substance.
Thus How'e, Rose and Schneider (1957) used partition 
dialysis (chloroform/methanol, 2:1, v/v) and Klenk and
12.
Uhlenbruck (ly60) used phenol/water (1:1 ^/v) to extract 
caroohydrate—containing materials from erythrocyte 
stroma. The materials, after purification had haemag- 
glutinin inhibitory activity, which was lost by treatment 
with RLE or influenza virus.
Evidence for the preparation of a highly purified 
influenza virus receptor from human erythrocytes has 
been advanced recently by Kathan, Winzler and Johnson 
(1961). Their method of preparation incorporated both 
aforementioned extraction procedures, and ended with 
ultracentrifugation (105,000g, 90 min). The complex 
showed a single peak on moving boundary electrophoresis 
over a range of pH values, and contained 48% carbo­
hydrate. Its inhibitory titres of 50xl03 and 12xl03 
units/mg dry substance, against Lee and PR8 indicator 
viruses respectively, were higher than any previous 
preparations from erythrocyte stroma; the titre was 
lost by digestion with RLE. There is reason to believe 
that this inhibitor is the red cell receptor for 
influenza virus; no other fraction obtained by this 
method of preparation had significant inhibitory 
activity toward influenza virus haemagglutinin.
L* The chemical structure in inhibitors and receptors 
underlying their affinity for viral haemagglutinin.
The biological observations suggested strongly
13.
that the inhibitory mucins and the cellular receptors 
contained a common chemical structure of fundamental 
importance in binding influenza virus haemagglutinin, 
and which was a substrate for both the viral enzyme and 
muh. Sensitivity to periodate treatment indicated that 
it was probably a carbohydrate structure
Chemical evidence for the specific substrate was 
obtained when ovomucin (Gottschalk and Lind, 1949a,b), 
and a homogeneous preparation from urine mucin (Tamm 
and Horsfall, 1952; Ada and Gottschalk, 1952) were 
exposed to the action of living influenza virus until 
they had lost their inhibitory activity. Dialysis of 
the reaction mixture revealed that concomitant with loss 
in biological activity of the mucins, a compound with 
unusual properties was released ("split product").
Y/hen heated in dilute acid it decomposed with 
formation of insoluble humin; after alkali treatment 
it coupled with Ehrlich’s reagent (p-dimethylamine- 
benzaldehyde in hydrochloric acid) to give a purple 
colour, spectrophotometrically indistinguishable from 
the chromogens produced by authentic N—acetylglucosamine 
when similarly treated; in contrast to the latter 
compound, "split product" did not yield hexosamine after 
acid hydrolysis. The similarity of "split product" 
to Blix's sialic acid (Blix etal., 1952; Blix, 1936)
COOHic = o 1
HCOH
HO<j:H
HCOH
ho(|:h
ch2 HOCHI HOCH
HOCH AcNH^ ---- O H2N/|— OAcNHCH -—^ /  V UH ch3oh- hci \ P C H 3
HOCH
HCOH h
kOH H Ä  rtii H 1/ COOH JSr j /  COOH
HCOH H H H H
£h2oh
N-Acefylneuraminic Acid
P ig .  1 .  Diagram show ing s t r u c t u r e s  o f  ß-D- 
( - ) - N - a c e t y l n e u r a m i n i c  a c id  and th e  
p r o d u c t  o f  m e t h a n o l y s i s , ß - D - ( - ) -  
m e th o x y n eu ra m in ic  a c i d .
( G o t t s c h a l k  (1 9 5 6 a ,  1 9 5 7 ) .
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was realized when Odin (1952) found that it formed a 
purple colour with Ehrlich’s reagent even wTithout 
alkali pretreatment.
From submaxillary mucins which had yielded sialic 
and by both chemical and enzymic action, Klenk and 
Lauenstein (1952) prepared methoxyneuraminic acid, 
previously obtained from gangliosides (Klenk, 1941, 1951). 
This derivative resembled sialic acid and "split product" 
in all reactions in acid medium; it differed from them 
in its positive ninhydrin reaction, and lack of reducing 
power or acetyl groups. The properties suggested a 
close relationship oetween sialic acid and methoxyneura— 
minie acid, the difference being assumed to be due to 
loss of two acetyl groups and acquisition of a methoxy 
group during treatment of the mucin preparations with 5^ 
methanolic hydrogen chloride of 105° (Eig. 1). The 
suggestion was verified by isolation from bovine sub­
maxillary gland mucin of N-acetylneuraminic acid (NANA; 
Klenk and Eaillard, 1954). Finally, Klenk, Faillard 
and Lempfrid (1955) confirmed Gottschalk’s work on the 
action of influenza virus on the urine inhibitor, and 
crystallized the "split product". Indeed, it was 
identified as NANA.
These results proved conclusively that neuraminic 
acid, in its mono— or di-acetylated form is the product
15.
released from haemagglutinin inhibitors by the influenza 
virus enzyme. Within the next few years the structure 
of NANA (see Pig. 1) was proven by its synthesis both 
chemically (Gornforth, Daines and Gottschalk, 1957; 
Carroll and Gornforth, 1960) and biosynthetically 
(Warren and Felsenfeld, 1961; Comb and Roseman, 1960).
Sialic acid, the group name for all acylated 
neuraminic acids (Blix, Gottschalk and Klenk, 1957) is an 
intrinsic component of haemagglutinin inhibitory glyco- 
proteins (Gain, 1952, 1952; Gottschalk, 1955; Werner 
ana Blix, 1956). In all potent inhibitors, the sialic 
acid is NANA (Gottschalk, 1959). Thus, although extracts 
of human erythrocytes, containing NAM, inhibit virus 
haemagglutinin, the corresponding extracts from equine 
erythrocytes, known to contain N—glycolylneuraminic acid, 
are devoid of inhibitory power (Yamakawa, 1956). In 
this connexion, it is interesting that equine red cells, 
in contrast to human red cells, are not readily 
agglutinated by influenza virus (Clark and Nagler, 1943).
16.
NOMENCLATURE FOR CARBOHYDRATE - PROTEIN COMPLEXES
In recent reviews, the many systems of classification 
and nomenclature used for carbohydrate-protein complexes 
have been discussed (Montreuil, 1957; Bettelheim-Jevons, 
1958), as have the anomalies that arise in them (Jeanloz, 
1960). Thus the "neutroglucoproteins" of Blix (1940) 
included complexes which are now known to contain sialic 
acia, and are therefore acidic. In the nomenclature of 
Meyer (1945) 4% hexosamine was chosen arbitrarily as the 
dividing line between mucopolysaccharides and glyco­
proteins. Revision of this system is needed because 
plasma acid ap-mucoprotein (l2% hexosamine) would thus 
be separated from its o^-component (3.5# hexosamine).
Most systems require the presence of hexosamine in muco­
polysaccharides (Fishman, 1951; Bettelheim-Jevons, 1958;
Iigman and Goepp, 1948; Jeanloz, 1956), however the 
system of Whistler and Smart (1953) does not.
The prefix "muco-", applied originally with its 
physiological meaning of "clear, viscous secretion", has 
more recently been used in a chemical sense varying 
from Vhexosamine-containing" (Meyer, 1945; Fishman, 1951) 
to "protein-containing" (Bettelheim-Jevons, 1958; 
otacey, 1946) and finally to "carbohydrate-containing" 
(Kent and Whitehouse, 1955).
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The system proposed by Gottschalk (196a) incorporates 
some recent suggestions of workers in the field; 
furthermore, the terminology is independent of the size 
of prosthetic groups and the mode of their linkage to 
the protein or polypeptide. All names involving the 
prefix "muco-” have been deleted.
The term "polysaccharide" denotes a polymeric 
structure with definite repeating units of one or more 
sugars. For many biologically active carbohydrate- 
protein complexes there is no evidence of a polymeric 
s truebure with a repeating unit in the carbohydrate 
moiety. The term "heterosaccharide" has been suggested 
for these carbohydrate structures (Gottschalk, Murphy 
and Graham, 1962); it lacks the restriction on size 
inherent in '’oligosaccharide” (usually less than 10 
monosaccharide units). The concept of a "glycoprotein« 
advanced previously (Gottschalk, 1952) is retained, 
hiat is, a conjugated protein with heterosaccharides as 
prosthetic groups.
The system including examples is summarised in the 
following scheme:
CARBOHYDRATE-PROTEIN COMPLEXES 
I. Polysaccharide - protein complexes
A. Homopolysaccharide-protein complexes 
Chitin.
Pig.
(1—*6) (1-4) (H6) (W )(H 6)
-NAG—NAMur—NAG—NAMur—NAG—NAMur —
Peptid« Peptid«
2, Structure suggested for segment of 
cell wall of M. lysodeiktieus.
Modified from Salton and Ghuysen (i960).
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B. Ileteropolysaccharide-protein complexes 
Hyaluronic acid
Chondroitin - 4 - sulphate (chondroitin A) 
Chondroitin - 6 - sulphate (chondroitin C) 
Heparin (a)
Dermatan sulphate (>—heparin or chondroitin B)
II. Heterosaccharide - protein complexes
Salivary gland glycoproteins
Plasma glycoproteins (orosomucoid, fetuin, 
y-globulin, fibrin, thrombin)
Hormonal glycoproteins (erythropoietin, follicle stimulating hormone)
Cholinesterase, Taka-amylase A
Ovalbumin, ovomucoid
In parentheses it should be mentioned that the 
carbohydrate-peptide complexes present in the cell wall 
wi äll bacteria so far examined could perhaps be 
included as a sub-group of IB as heteropolysaccharide— 
peptide complexes. Their overall structure seems 
established as heteropolysaccharide chains, crosslinked 
at intervals with peptides (Pig. 2) ,(Mandelstam and 
otrominger, i.-;t . )• Not enough is known about the 
structure of blood-group specific substances to enable 
oneir inclusion in the system. The system of terminology 
outlined will be followed in this thesis.
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xliE CHEMISTRY AM) BIOCHEMISTRY OP HAEMAGGLUTININ 
INHIBITORY GLYCOPROTEINS (RECEPTOR ANALOGUES)
Isolation and purification of cell surface receptor 
subs Gances in sufficient quantity for structural 
investigations is not practical. Por instance, the 
purified inhibitor recently prepared by Kathan et al. 
(1961), and which appears to be the red cell receptor 
substance, was obtained in a yield of 0.04% of human 
stroma. The finding that secretions and excretions of 
l/is body contain haemagglutinin inhibitory substances 
with features analogous to constituents of the red cell 
surface was therefore invaluable.
In 1952, Tamm and Horsfall prepared a haemagglutinin 
inhibitory glycoprotein from human urine (UM). It 
appeared homogeneous in electrophoresis and in the 
ultracentrifuge (Perlmann, Tamm and Horsfall, 1952), 
with a sedimentation coefficient of 29,5S and molecular
Aweight of 7x10 (Tamm, Bugher and Horsfall, 1955). 
Carbohydrate analyses were made on the glycoprotein by 
Gottschalk (195 2) and Odin (1952) and are shown in 
Table 1. Treatment of UM with 10$ baryta (0.6N) under 
nitrogen (I2h, 100°') yielded a preparation enriched in 
carbohydrate, and precipitable by ethanol. It 
contained ehe same sugars in the same ratio as the native
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TABLE I
SUGAR COMPONENTS OF SOME INFLUENZA VIRUS 
HAEMAGGLUTININ INHIBITORY GLYCOPROTEINS.*
B Galactose Mannose Fucose Glucosamine GaEc t o- 
s amine
Sialic
Acid
Bovine
submax­
illary
glyco­
protein
0,7 0.2 0.7 2.1 12.7 22.4
Ovine
submax­
illary
glyco­
protein
0,3 0.15 0.4 trace 15.0 25.4
Human
urinary
glyco­
protein
5.4 2.7 1.1 7.8 1.6 9.1
Human
bronchial
glyco­
protein
3.6 trace 3.0 7.0 1.3 3.8
Expressed as percentage of total glycoprotein. 
From Gottschalk (i960).
glycoprotein, the presence of sialic acid being indicated 
by a positive reaction with Ehrlich’s reagent and by 
formation of humin during acid hydrolysis (Gottschalk, 
1952). Ling, Fielden and Boyce (1961) found that the 
treatment with baryta effected a four—fold enrichment in
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hexosamine content and a four-fold decrea.se in peptide 
nitrogen. Prom the molar ratio of the sugars, and the 
slow rate of dialysis of the preparation through a 
cellophane membrane impermeable to lysozyme (molecular 
weight = 14.700), Gottschalk (1952, 1958) estimated its 
molecular weight as 12,300 (approx.). Thus he advanced 
the concept that the carbohydrate in UM is present as 
about 120 heterosaccharides distributed along the poly­
peptide chain(s). This figure now appears to be an 
underestimate, since a glycopeptide (molecular weight = 
4400) prepared from fetuin was completely non-diffusible 
through cellophane (Spiro, 1962a). Variation in the 
porosity of dialysis casing as supplied, or during use 
due to stretching of the membrane under pressure (Craig, 
1957, 1960) does not allow much emphasis to be placed on 
such comparisons however.
Glycoproteins inhibiting influenza virus haemag- 
glutinin have been isolated from epithelial secretions 
of the respiratory and digestive tracts. Electro- 
phoretically homogeneous glycoproteins from the bronchial 
secretions (Table I) of a bronchitis case (Marmion, 
Curtain and Pye, 1953), and from meconium of new-born 
infants (Curtain, French and Pye, 1953; Zilliken etal. ,
1957; Odin, 1957) have been purified and analysed.
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S u b m a x i l l a r y  Gland G ly c o p r o te in s
The s u b m a x i l l a r y  g la n d s  o f  sh e ep  and c a t t l e  a r e  
th e  r i c h e s t  and m ost r e a d i l y  a c c e s s i b l e  s o u rc e  o f  h i g h ly  
p o t e n t  h a e m a g g lu t in in  i n h i b i t o r s .  P u r i f i e d  g l y c o p r o t e i n s  
have  been  p re p a re d  from s u b m a x i l l a r y  g la n d s  o f  sh e e p .a n d  
ox , e s s e n t i a l l y  by m o d i f i c a t i o n s  o f  t h e  c l a s s i c a l  method 
o f  Hammarsten (1 8 8 8 ) .  The m o d i f i c a t io n s  i n c lu d e  d e -  
p r o t e i n i z a t i o n  by th e  Sevag  (1934 )  p r o c e d u r e ,  o r  
f r a c t i o n a l  p r e c i p i t a t i o n  o f  th e  g l y c o p r o t e i n  w i th  m e th an o l  
o r  e t h a n o l  (McCrea, 1953; C u r t a in  and P y e , 1955; Heimer 
and M eyer, 1956 ; N is iz a w a  and Pigm an, 1 9 6 0 ) .
In  a  c o m p a ra t iv e  s tu d y  o f  i s o l a t i o n  p ro c e d u re s  f o r  
BSM, T s u i k i ,  Hashim oto and Pigman (1961) found t h a t  
p r e c i p i t a t i o n  o f  BSM w i th  th e  q u a t e r n a r y  ammonium s a l t ,  
c e ty l t r im e th y la m m o n iu m  b rom ide  y i e ld e d  a  h i g h ly  p u r i f i e d  
p r o d u c t .  OSM and BSM a s  u se d  f o r  t h e  p r e s e n t  s t u d i e s  
were p r e p a r e d  by a  s l i g h t  e x t e n s i o n  o f  t h e  C u r t a in  and 
Pye m ethod ( G o t t s c h a l k  and Graham, 1959; Graham and 
G o t t s c h a l k ,  1 9 6 0 ) .
Bovine s u b m a x i l l a r y  g l y c o p r o t e i n  (BSM).
L i t t l e  more th a n  25 y e a r s  ag o ,  th e  o n ly  d a ta  on 
BSM was t h a t  c r y s t a l l i n e  g lu co sam in e  h y d r o c h lo r id e  had 
been  p r e p a r e d  from  i t  ( M u l l e r ,  1 9 0 1 ) .  S i a l i c  a c id  and 
g a la c to s a m in e  h y d r o c h lo r id e  were b o th  o b ta in e d  c r y s t a l l i n e  
from  BSM i n  B l i x ’ s l a b o r a t o r y  ( B l i x ,  1936; B l i x ,
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Svennerholm and Werner, 1952). The latter authors 
further found that these sugars were present in 
equimolar ratio. The sugar analysis for BSM is shown 
in Table I.
The heterogeneous mixture of sialic acids present 
in BSM has long been realized (Blix et al., 1956; KLenk 
and Uhlenbruck, 1957). Blix and Lindberg (i960) 
established that the main derivatives present are 
N-acetyl-O-acetylneuraminic acid, N-acetyl-O-diacetyl- 
neuraminic acid (an O-acetyl at 0-7 and another at C-8 
or 0-9) and about 15$ of the corresponding N-glycolyl 
derivatives. By mild acid hydrolysis (0.1 N HgS04, 80°, 
lh) or by RLE digestion of the glycoprotein, sialic 
acid was released. On the basis of this latter finding 
Gottschalk (1956) defined RLE as a glycosidase, and, 
after studying its action on the structurally well- 
defined substrate sialyl-lactose, more specifically he 
termed it "neuraminidase" (Gottschalk, 1957).
Besides galactosamine in equimolar amount with 
sialic acid, the carbohydrate of BSM contains about 2$ 
glucosamine (Gottschalk and Graliam, 1959). Acetyl 
determinations indicated that the hexosamine of BSM was 
N-acetylated (Heimer and Meyer, 1956).
The suggested glycosidic linkage of sialic acid 
to N-acetylgalactosamine in BSM (Blix et al., 1952;
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Gottschalk, 1956) was verified by isolation after mild 
alkali treatment (0.01N Ba(OH)p, 80°, 15 min) of a 
compound which was susceptible to influenza virus 
neuraminidase thereby yielding sialic acid and anhydro- 
N-acety1-galactosamine (Gottschalk, 1957). The latter 
compound is chromogen I of Kuhn and Kruger (1956).
Later, by similar alkali treatment of BSM, a disaccharide 
was isolated in an analytically pure state, and 
characterized as a—L—sialyl(2 — >  6)-N-acetylgalactosamine. 
Studies with periodate showed that 12.6$ of the NAGal 
of BSM and the entire NAG content (2%) are not 
oxidizable, thus suggesting that the above disaccharide 
is the main prosthetic group of BSM (Gottschalk and 
Graham, 1959).
Carbohydrases such as amylase, lysozyme and 
hy alur onid as e are reported to be without action on BSM 
(Meyer, 1945). Although RLE has been found to release 
64-76/o of the sialic acid from BSM (Gottschalk, 1956; 
Graham and Gottschalk, 1960) its action is slow compared 
with OSM as substrate. Thus 70,000 units RLE were 
needed to reduce the electrophoretic mobility of BSM 
to the level that 5,000 units achieved on OSM in 30 min 
(Curtain and Pye, 1955). The main reason for the 
resistance of the sialic acid of BSM to RLE appears to 
be the presence of 0-acetyl groups. Prior removal of
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these groups by very dilute alkali (pH 9.5, room 
temperature, 18h) facilitated release of sialic acid 
from BSM by Vibrio cholerae neuraminidase (Faillard, 
1959). Of the proteolytic enzymes, papain renders a 
considerable amount of BSM diffusible (Odin, 1958) 
whereas no diffusible carbohydrate results from trypsin 
or Chymotrypsin digestion,(Blix, 1958).
Nisizawa and Pigman (1960) found with their 
preparation of BSM that electrophoresis at pH 10-11 was 
a more sensitive criterion for homogeneity that at pH 
:'-b as is generally used. Evenso, a preparation which 
moved as a single peak in electrophoresis at this 
higher pH, showed the presence of a second peak when 
examined in the ultracentrifuge. As will be seen in 
Paper 2, the BSM preparation used for the present study 
exhibited a single peak at both pH 7.3 and 10.0, 
although there was some indication for sharpening in 
the ascending boundary, due to interaction of the 
molecules.
Ovine submaxillary glycoprotein
A powerful haemagglutinin inhibitory glycoprotein 
was prepared from dehydrated sheep submaxillary glands 
by McCrea (1953), and found to have a sedimentation 
coefficient SgQ>w of 2.53 (c = 0.5 g/dl) and molecular 
weight of 87,000. However the preparation would appear
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to have been degraded, as it contained only 10 
different amino acids and gave a non-viscous aqueous 
solution*
A physico-chemical study has recently been made 
of the OSM preparation as used in the present carbo­
hydrate-protein linkage studies. Sedimentation velocity
measurements at different concentrations revealed s2~20 ,w
= 8.5 + 0*85, intrinsic viscosity Vrj\ = 3.4 + 0.1 dl/g, 
partial specific volume V = 0.69 + 0.01 and molecular 
weight (1.0 + 0*2)x 10' . The preparation was poly- 
disperse in the ultracentrifuge, and its sedimentation 
was markedly dependent on concentration. The insignifi­
cant variation in carbohydrate and dicarboxylic amino 
acid analyses from preparation to preparation indicates 
that the heterogeneity is in particle size rather than 
composition. The similarity in sedimentation pattern 
between the first aqueous extract of the minced glands 
and purified OSM shows polydispersity to be most likely 
a property of the native glycoprotein (G-ottschalk and 
McKenzie, 1961).
Chemically OSM consists of 42°/o carbohydrate and 
58c/o protein, the carbohydrate consisting of equimolar 
amounts of NANA and NAG-al. A small amount of non-amino 
sugars (0*85$) is also present (Table 2).
NH Ac
SIALYL
Pig. 3. Conversion "by alkali of
6-a-D-N-acetylneuraminyl-N- 
acetylgalactosamine to NANA- 
chromogen I and NANA-chromogen 
III. Sialyl = N-acetylneuraminyl?
--- bond susceptible to a-
neuraminidase.
Prom Graham and Gottschalk (1960).
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After mild alkali treatment of OSM, NANA-NAGal 
was isolated. The high recovery of the disaccharide 
or its conversion products, NANA-chromogen I and NANA- 
chromogen III (see Fig. 3), the equimolar content of 
NAHA and NAGal in OSM, and the susceptibility of 93$ 
of the hexosamine to periodate oxidation established 
that 93$ of the NANA is attached to C-6 of NAGal and 
thus constitutes the main prosthetic group. The 
release of some free NANA from OSM by the mild alkali 
treatment, and the insusceptibility of 7$ NAGal to 
periodate were suggested as indicating that a small 
amount of the carbohydrate was present as the alkali 
labile disaccharide NANA (2-^3) NAGal, which when 
released from the glycoprotein would be expected to 
undergo ß-elimination in the alkaline medium to NANA 
and chromogen I as were found (Graham and Gottschalk, 
1960). ß-elimination of 3-0-substituted-N-acetyl- 
hexosamines occurs under very mild conditions of alkali 
treatment (0.025N NaoC0^, 20°, 10 min) with the formation 
of chromogen I (Kuhn, Gauhe and Baer, 1954; Glick,
Chen and Zilliken, 1962).
The results of quantitative amino acid analysis 
of OSM (Gottschalk and Simmonds, 1960) are shown in 
Table IL. The analysis shows an amino acid spectrum 
similar to that for bovine cervical glycoproteins
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TABLE II
AMINO ACID AND CARBOHYDRATE COMPOSITION OP OVINE 
SUBMAXILLARY GLAND GLYCOPROTEIN.
Component Grams per lOOg Moles per mole
glycoprotein (l x 106)
Alanine
Arginine
Aspartic acid
Cysteic acid
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine sulfone
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine
Ammonia (amide)
N-Acetylneuraminic acid
Galactosamine
Galactose
Mannose
Pucose
Glucosamine
5.08 570
3.31 190
4.10 308
0.89 53
6.17 419
5.97 795
0.30 19
1.90 145
2.92 223
1.50 103
0.49 27
1.96 119
5.60 486
7.57 7 20
7.00 588
0 or trace -
0.68 38
4.20 359
0.046 27
22.5 - 25.0 728 - 809
13.0 - 14.5 729 - 810
0.3 17
0.15 8
0.4 24
trace
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(G ib b o n s ,  1 9 5 9 ) ;  e x c e p t  f o r  p h e n y l a l a n i n e ,  t h e  c o n t e n t  
o f  a r o m a t i c  and s u l p h u r  c o n t a i n i n g  amino a c i d s  i s  low ,  
and t h a t  o f  g l y c i n e ,  s e r i n e ,  t h r e o n i n e  and p r o l i n e  h i g h .  
The low amide N c o n t e n t  ( 0 . 5 4 $  o f  t o t a l  N) c o r r e s p o n d s  
to  l e s s  t h a n  4$  o f  t h e  d i c a r b o x y l i c  a c i d  r e s i d u e s  i n  
th e  amide form .
The m u l t i p l e  p r o s t h e t i c  g ro u p s  o f  OSM a p p e a r  to  
have  an  i m p o r t a n t  r o l e  i n  s h a p in g  t h e  m o le c u le  f o r  i t s  
p h y s i o l o g i c a l  f u n c t i o n s .  The t e r m i n a l l y  s i t u a t e d  M A  
r e s i d u e s  a f f e c t  the  v i s c o s i t y  o f  OSM s o l u t i o n .  A 
r e v e r s i b l e  f a l l  i n  red u c ed  v i s c o s i t y  i n  th e  pH r a n g e  
where t h e  i o n i z a t i o n  o f  NANA r e s i d u e s  i s  d e c r e a s i n g  
(pH 4 * 4 - 1 . 7 )  i n d i c a t e s  t h a t  a t  p h y s i o l o g i c a l  pH t h e  
d i s s o c i a t e d  c a r b o x y l  g ro u p s  o f  NANA m a i n t a i n  th e  g l y c o ­
p r o t e i n  i n  an  e x te n d e d ,  a s s y m e t r i c  c o n f i g u r a t i o n  
( G o t t s c h a l k  and Thomas, 19 6 1 ) .
G o t t s c h a l k  and Fazekas  de S t .  Gro th  (1960)  found  
t h a t  th e  a c t i o n  o f  t r y p s i n  on OSM i s  s t e r i c a l l y  h i n d e r e d  
by t h e  p r o s t h e t i c  g r o u p s .  A f t e r  t r e a t m e n t  o f  OSM w i t h  
n e u r a m i n i d a s e ,  w h ich  removed 85$ o f  t h e  NANA r e s i d u e s  
(Graham and G o t t s c h a l k ,  1 9 6 0 ) ,  t h e  number o f  p e p t i d e  
bonds s p l i t  by t r y p s i n  i n c r e a s e d  by 45$.
Some l y s y l  and a r g i n y l  p e p t i d e  bonds i n  OSM a r e  
i n s u s c e p t i b l e  t o  t r y p s i n  p r o b a b l y  due t o  th e  s h i e l d i n g  
e f f e c t  o f  n e a r b y  n e g a t i v e l y  c h a rg ed  g r o u p s  ( N e u r a t h
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and Schwert, 1950), in this case of N A M  residues.
The inability of trypsin to hydrolyse O-phosphorylated 
peptides (Osterberg, 1960) was attributed to preferential 
quenching of positively charged groups of the substrate 
(e.g. £-smino group of lysyl residues) by its negatively 
charged phosphate groups. The foimation of the 
enzyme-substräte complex is considered to involve a 
carboxyl group on the enzyme and positively charged 
lysyl and arginyl groups of the substrate (Folsch and 
Osterberg, 1961).
That easily accessible sialic acid residues are 
essential for attachment of haemagglutinin inhibitory 
glycoproteins to the virus surface was shown in Section 
1. However although all inhibitors are sialoglyco- 
proteins, not all glycoproteins having terminal, 
neuraminidase susceptible sialic acid inhibit influenza 
virus haemagglutinin (e.g. a^-acid glycoprotein, fetuin).
In addition to a large number of accessible, 
terminal sialic acid residues, the inhibitory glyco­
protein must have in its structure an area complementary 
to portion of the virus surface. Such a requirement 
was demonstrated by the finding that OSM, which is a 
powerful inhibitor of the PR8 and Lee strains of 
influenza virus, scarcely inhibits haemagglutination 
of the GAM and FM1 strains of influenza A virus
31
(Gottschalk and Fazekas de St. Groth, 1960).
Since inhibitors of influenza virus haemagglutinin 
and blood group specific substances are both found in 
the same secretions (e.g. saliva, ovarian cyst, gastric 
juices, urine) a close relationship between them was 
anticipated. Both types of compound are chemical 
analogues to specific haemagglutinin receptors at the 
red cell surface. Recently, Pusztai and Morgan (1961) 
obtained a homogeneous preparation from human ovarian 
cyst fluid having properties which strengthen this idea.
The material, a blood group specific Lea substance 
contained 18$ NANA in addition to fucose, galactose, 
glucosamine and galactosamine, which are usually found. 
Removal of the NANA by digestion of the substance with 
RDE yielded a carbohydrate-peptide complex which 
remained a potent inhibitor of Lea specific iso-agglutinin. 
The NANA-containing fragment remaining after destruction 
of the Le specificity by an enzyme of Trichomonas 
foetus still inhibited virus haemagglutinin. The 
macromolecule thus possesses biological activities 
associated with different carbohydrate structures 
present in it. Of particular interest is the fact that 
the substance is a potent inhibitor of virus 
haemagglutinin and, from its low N content (4#8$), 
appears to be a glycopeptide.
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The preceding review of haemagglutinin inhibitory 
glycoproteins demonstrates that OSM may be regarded 
as the model for study of cell surface receptor 
substances. Besides data on its biological properties, 
considerable knowledge of both the carbohydrate and 
protein moieties was available. A detailed 
investigation of the carbohydrate-protein linkage in 
OSM and possibly other glycoproteins inhibiting virus 
haemagglutinin was therefore needed.
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4. CURRENT TATA ON CARBOHYDRATE-PROTEIN LINEAGES
IN GLYCOPROTEINS
Among the fundamental problems in glycoprotein 
research, the nature of the carbohydrate-protein linkage 
has evoked considerable interest, which until recently 
however, has been mainly at the conceptional level. The 
introduction of a wide variety of new fractionation and 
analytical procedures into biological chemistry, together 
with the availability of highly purified, well- 
characterized proteolytic enzymes are largely responsible 
for the numerous investigations currently being made 
on glycoproteins. The first and the most widely 
adopted approach has been the preparation of glyco- 
peptides having as few amino acid residues as possible, 
the ultimate aim being the heterosaccharide in undegraded 
form with only one amino acid attached. Some fragmentary 
studies on glycoproteins using chemical methods have 
been made, and more recently synthesis of model complexes 
has provided information on the reactivity of some 
linkages that have been proposed although not un­
equivocally established.
The subject will be reviewed with emphasis on the 
methods applied, under the following main headings:
A. Enzymic approach - studies on glycopeptides.
B. Chemical approach - studies on glycoproteins.
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C. S t u d i e s  on model co m plexes .
The r e s u l t s  o f  t h e s e  s t u d i e s  a r e  d i s c u s s e d  i n  d e t a i l  
i n  th e  l a s t  s e c t i o n  o f  t h e  t h e s i s ,  t h e  GENERAL DISCUSSION. 
A. ENZYMIC APPROACH -  STUDIES ON GLYCOPEPTIDES.
I n  a  s t u d y  d e s ig n e d  to  y i e l d  th e  c a r b o h y d r a t e  m o ie ty  
o f  egg a lb u m in  i n  an  u ndegraded  s t a t e ,  N e u b e rg e r  (1 9 3 8 )  
s e t  t h e  p a t t e r n ;  nam ely ,  e x h a u s t i v e  p r o t e o l y t i c  
d i g e s t i o n  f o l lo w e d  by i s o l a t i o n  o f  t h e  c a r b o h y d r a t e  -  
c o n t a i n i n g  compounds f r e e  o f  t h e  o t h e r  d i g e s t i o n  p r o d u c t s .  
V a r i a t i o n  i n  t h e  a p p ro a c h e s  o f  l a b o r a t o r i e s  a r i s e s  from 
th e  u s e  o f  d i f f e r e n t  p r o t e o l y t i c  enzymes,  f r a c t i o n a t i o n  
p r o c e d u r e s ,  c r i t e r i a  f o r  h om ogene i ty  and methods o f  
s e q u en ce  a n a l y s i s .
P r e p a r a t i o n  o f  g l y c o p e r t i d e s .
The p r o g r e s s  o f  d i g e s t i o n  i s  u s u a l l y  f o l l o w e d  by 
m e a s u r in g  th e  i n c r e a s e  i n  amino g ro u p s  w i t h  n i n h y d r i n  
r e a g e n t  o r  by t h e  u p t a k e  o f  b a se  r e q u i r e d  t o  m a i n t a i n  
a  c o n s t a n t  pH. I n  g e n e r a l ,  t h e  enzyme i s  added i n  
s u c c e s s i v e  p o r t i o n s  o f  0 . 5  -  1 . 0 $  o f  t h e  s u b s t r a t e  
w e i g h t  up t o  a  f i n a l  c o n c e n t r a t i o n  o f  no more t h a n  2$ 
o f  any  one enzyme. P r o t e a s e s  o f  p l a n t  and b a c t e r i a l  
o r i g i n  have  b e en  i n v a l u a b l e  b e c a u se  o f  t h e i r  non­
s p e c i f i c i t y ,  and a c c o m p l i s h  maximum d i g e s t i o n  of  g l y c o ­
p r o t e i n s ,  t h u s  m in im iz in g  t h e  h e t e r o g e n e i t y  o f  t h e  
r e s u l t i n g  g l y c o p e p t i d e  m i x t u r e .
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Denaturation of substrates usually increases the 
rate of their proteolysis. Egg albumin is denatured 
by heating aqueous solutions (1-100) at pH 7.5 and 30° 
or 100° for 10 to 20 min (Heuberger, 1938; Johansen, 
Marshall and Heuberger, 1961; Lee and Montgomery, 1962). 
The extent of heat denaturation of egg albumin was 
increased and gel formation inhibited if the 4 sulfhydryl 
groups present were blocked with p-chlormercuribenzoate 
(PCMB) (Cunningham, Huenke and Strayhorn, 1957). Thus, 
after stirring a 100 aqueous solution of egg albumin in 
the presence of 4 molar equivalents of PCMB for 15 min, 
the pH was raised to 7.5 and heat denaturation performed 
a-t 82° for 20 min (Cunningham, Huenke and Huenke, 1957; 
Huenke and Cunningham, 1961). Harita (1961) oxidized 
the sulfhydryl groups with performic acid prior to 
proteolytic digestion of egg albumin. Human, rabbit 
and bovine were routinely heat denatured
(Rosevear and Smith, 1958, 1961; Holan and Smith, 1962a, 
b), but other serum glycoproteins have been digested in 
their native state.
a-Acid glycoprotein was reported to be resistant to 
the action of proteolytic enzymes (Yamashina, 1956; 
Popenoe and Drew, 1957; Schmid, Bencze, Hussbaumer and
u
Y/ehrmuller, 1959). Yamashina based his conclusions on 
a small increase in colour with ninhydrin reagent, end
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inability of the digested glycoprotein to dialyse.
If the 10.8/, sialic acid was removed prior to tryptic 
digestion of Oj-acid glycoprotein, 45/ of the carbo­
hydrate dialysed.
As recently emphasized, the assumption that peptides 
liberated during digestion have the same molar colour 
value as an amino acid in the ninhydrin reaction is 
only approximate even for simple peptides (Johansen
> 1^61). The ability of glycopeptides to dialyse 
_^u!j0r digestion of sialic acid free cx^ — acid glyco­
protein may reflect merely the necessary decrease in 
molecular size for fragments to dialyse. With fetuin, 
ui u-j—globulin oi foetal calf blood Spiro (1962a) found 
no appreciable difference in the extent of proteolysis 
by removing sialic acid.
Egg albumin has been digested with "pancreatin”, a 
crude mixture of proteolytic enzymes (Heuberger, 1938; 
Jevons, lx'58) and also with purified proteolytic enzymes 
in various combinations. Treatment with trypsin at pH 
••o, followed by repeated digestions with Chymotrypsin 
at pH 9.1 has been used (Cunningham et al., 1957;
Huenke and Cunningham, 1959, 1961). Johansen et al.. 
(1961) digested with pepsin (pH 2.8), a trypsin-Chymo­
trypsin mixture (pH 7.8) and finally with a protease 
produced by the mould Aspergillus oryzae. Lee and
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and Montgomery (1962) used repeated digestions with 
papain at 60c, the digestion mixture being fractionated 
between treatments by gel filtration. A digestion at 
pE 4*0 was included; peptide bonds involving glutamyl 
residues are then more susceptible as dissociation of 
the Y-carboxyl groups is less (Smith and Kimme1, 1960). 
The final digestion was performed with carboxpeptidase.
from human, rabbit and bovine Y~globul.:ms, glyco- 
peptides have been prepared using mercuripapain at pH 
6.5 and 60° (Rosevear and Smith, 1958, 1961; Nolan 
and. Smith, 196 2a,b).
Several laboratories have prepared glycopeptides 
from a.-acid glycoprotein. Weinfeld and Tunis (i960, 
1961) removed 60-70$ of the polypeptide by short 
digestions (1*5 - 2hr) with pepsin and trypsin. 
MPleuromucoidM, an cm-acid glycoprotein from pleural 
effusions has been hydrolysed similarly. Papain and. 
Chymotrypsin were less efficient in their action, but 
successive digestions with trypsin and papain removed 
90$ of the polypeptide (Bourrillon and Michon, 1960). 
Because of its ease of hydrolysis, sialic acid is partly 
or wholly released during digestion of glycoproteins 
with pepsin at pH 2.3. A flavobacterium, grown with 
cu -acid glycoprotein as the sole carbon source removed 
90$ of the polypeptide moiety from this glycoprotein
HCH2OH
X— o.
1C h>o h
H O ^ -------/
O 1 NHAc
CH3-CH- CO-N H-CH-CO- - -
CH3
F ig . 4 .  D iagram  show ing  th e  am ide lin k a g e  
b e tw ee n  NAMur and th e  L -a la n y l 
re s id u e  in  c e l l  w a ll g ly c o p e p t id e s .
without degrading the carbohydrate (Popenoe, Kee and 
Drew, 1961).
A proteinase produced by Streptomyces griseus 
(Homoto and Narahashi, 1959) has been used to yield 
glycopeptides from Taka-amylase A, the crystalline 
enzyme from Aspergillus oryzae (Tsugita and Akabori, 
lsc9 ), and also from a.,-acid glycoprotein (Izurni, Makino 
and Yamashina, 1961; Kamiyama and Schmid, 1962).
Nagarse, a protease present in Bacillus subtilis, and 
papain effected extensive proteolysis of fetuin (Spiro, 
1961, 1962a).
- or studies on bacterial cell walls, egg white 
lysozyme has been valuable. It possesses ß (l—» 4) 
H-acetylglucosaminidase activity (Salton and Ghuysen, 
1960), and yields a variety of products such as glyco­
peptides, di- and tetra-saccharides from bacterial cell 
walls. Streptomyces P0B, an enzyme present in the 
culture filtrates of streptomyces has been characterized 
as an amidase (Ghuysen, 1960). It cleaves the amide 
linkage between F-aeetylmuramic acid (NAMur) and L- 
alanine (Pig. 4) in glycopeptides released from bacterial 
cell walls by lysozyme.
Separation of glycopeptides from other nitrogenous 
products.
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Various methods have been used to remove non-glyco-
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p e p t i d e  m a t e r i a l  from d i g e s t i o n  m i x t u r e s .  U n d ig e s te d  
p r o t e i n  and b a s i c  b y - p r o d u c t s  a r e  o f t e n  p r e c i p i t a b l e  
by p h o s p h o t u n g s t i c  a c i d  and t r i c h l o r a c e t i c  a c i d  
( N e u b e r g e r ,  1938;  J e v o n s ,  1958; N a r i t a ,  1 9 6 1 ) .  
n e i t h e r  t h e s e  r e a g e n t s  n o r  p e r c h l o r i c  a c i d  p r e c i p i t a t e  
n a t i v e  a - , - a c id  g l y c o p r o t e i n  (Weimer, Mehl and W in z le r ,  
1950;  Schmid, 1953 ,  1 9 5 3 ) .  W einfe ld  and T u n is  (1960 ,  
1961)  p r e c i p i t a t e d  u n d i g e s t e d  a - - a c i d  g l y c o p r o t e i n  w i t h  
4 volumes a c e t o n e  and 0 . 1  volume 5M HaCl.
C o n s i d e r a b l e  l o s s  o f  c a r b o h y d r a t e ,  p re su m ab ly  a s  
g l y c o p e p t i d e s , h a s  been  e x p e r i e n c e d  when u s i n g  d i a l y s i s  
t o  remove s m a l l  m o l e c u l a r  w e ig h t  d i g e s t i o n  p r o d u c t s  
(Cunningham e t  a l . ,  1957; Jo h a n s e n  e t  a l . ,  1961;  
hue like and Cunningham, 1 9 6 1 ) .  The maximum m o l e c u l a r  
w e i g h t s  o f  t h e s e  g l y c o p e p t i d e s  was 2300 .  R o se v e a r  and 
Sm ith  (1961)  removed b u f f e r  s a l t s  and f r e e  amino a c i d s  
from y - g l o b u l i n  g l y c o p e p t i d e s  ( m o l e c u l a r  w e ig h t  3800 
a p p r o x . ) by f r a c t i o n a l  d i a l y s i s  t h r o u g h  ^  c e l l u l o s e  
c a s i n g .  G l y c o p e p t id e s  ( m o l e c u l a r  w e ig h t  4400) p r e p a r e d
“I o
from f e t u i n  were c o m p l e t e ly  n o n - d i f f u s i b l e  t h r o u g h  ^  
Wishing c e l l o p h a n e  c a s i n g s  ( S p i r o ,  1 9 6 2 a ) .
D ur ing  t h i s  l a s t  s t u d y ,  th e  a d s o r p t i v e  c a p a c i t y  
whi c h  h i g h l y  c h a rg ed  g l y c o p e p t i d e s  have f o r  amino a c i d s  
and p e p t i d e s  became e v i d e n t .  Each o f  t h e  3 h e t e r o -  
s a c c h a r i d e s  o f  f e t u i n  i s  c o n s i d e r e d  to  have 4 b r a n c h e s
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wit.a negatively charged sialic acids as terminal units 
(Spiro, 1962b). Despite dialysis for 100h, including 
initial dialysis against 0.1M NaCI, the glycopeptide 
mixture contained peptide material. Passage of the 
solution through a column of highly cross-linked cation 
exchange resin (Dowex 50-X16; hydrogen form) removed 
the impurities, and the glycopeptides were quantitatively 
recovered in the effluent,
This use of resins as molecular sieves has frequently 
been used (Hosevear and Smith, 1958, 1961; Nolan and 
Smith, 1962a,b; Izumi et al., 1961). Glycopeptides 
in a peptic digest of ovalbumin passed through a Dowex 
50-X8 column, but were retained on Dowex 50-X4; the 
glycopeptides could penetrate the grains of the less 
crosslinked resin (Narita, 1961).
Precipitation of glycopeptides with ethanol (final 
concentration 75-90fo ^) is also useful in separating 
them from amino acids and peptides (Neuberger, 1938; 
Cunningham, et al., 1961; Izumi et al., 1961). In 
combination with cation exchange resins it has been 
used to purify glycopeptides from human y-globulin 
(Rosevear and Smith, 1961).
Fractionation of the glycopeptides,
Neuberger (1938) after acetylating the amino acids 
with ketene, extracted them from acid solution with
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chloroform* The neutralized, concentrated aqueous 
solution was then peracetylated at 2° and the fully 
acetylated carbohydrate compounds extracted into 
chloroform. After removal of the solvent, the carbo­
hydrate material was O-deacetylated by mild alkali 
and finally precipitated with ethanol.
Gradient elution from columns of anion exchange 
resin (DEAE- and TEAE-cellulose) at pH 7.5-9.0 has 
given good resolution of salt-free mixtures of glyco- 
peptides (Nuenke and Cunningham, 1957, 1961; Izumi et 
al., 1961; Spiro, 1962a,b; Nolan and Smith, 1962a). 
Spiro used a very gradual elution gradient (0.0025M - 
0.05m ) to obtain maximum resolution of the fetuin glyco- 
peptide preparationsi Fractions obtained by Nuenke and 
Cunningham were still heterogeneous, and were purified 
further by charcoal - celite chromatography with an 
ethanol - water gradient (Johansen et al., 1961).
Zone electrophoresis on starch has been used by 
Bourrillon and Michon (1960) and Rosevear and Smith 
(1961). The latter authors ascertained the optimum pH 
for best resolution of their glycopeptides by electro- 
phoresis on glass fibre filter paper, and then 
duplicated these conditions as closely as possible in 
starch column electrophoresis.
G-el filtration, used primarily for desalting glyco-
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peptide mixtures (Nolan and Smith, 1962a,b) also 
effected further fractionation. Lee and Montgomery 
(1962) used Sephadex G-25 columns for all fractionations 
prior to final purification "by zone electrophoresis in 
a Porath column,
Tsugita and Akahori (1959) fractionated the enzyme 
digest of Taka-amylase A  into 2 glycopeptide fractions 
on Lowex 50 - X4 columns at pH 2.2.
Jevons (1958) fractionated glycopeptides from egg 
albumin by paper electrophoresis in 0.05M ammonium 
acetate, the rather immobile glycopeptide band being 
eluted with water.
Table III shows yields and carbohydrate content of 
some glycopeptide preparations.
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Criteria for homogeneity of glycopeptide fractions.
In 1938, the identity in optical rotation, 
molecular weight, nitrogen and carbohydrate contents 
of fractions obtained by precipitation of the carbo­
hydrate-enriched preparation from egg albumin at different 
alcohol concentrations, indicated that the product was 
homogeneous (Heuberger, 1938).
More recently, Johansen et al. (1961) used Porath 
column electrophoresis at pH 2.3 and 7.0 to obtain 
their glycopeptide preparation from egg albumin in a 
state homogeneous over the pH range 2.3 to 8.0 (see 
also Lee and Montgomery, 1962). Zone electrophoresis 
on starch has been used to confirm the purity of glyco- 
peptides from Taka-amylase A and -acid glycoprotein 
(isugita and Akabori, 1959; Bourrillon and Michon,
1960).
Countercurrent distribution, a highly sensitive 
method, revealed marked heterogeneity in the best glyco­
peptide fractions prepared from egg albumin by Nuenke 
and Cunningham (1961) and led the authors to suggest 
as one possibility that heterogeneity may be inherent 
in the native glycoprotein. Although Lee and Montgomery 
(1961) found insignificant difference in the mannose 
and nitrogen values for the 3 egg albumin fractions, 
which resolved on carboxymethyl cellulose, it is likely
44
that small variations would be beyond the sensitivity 
of the analytical methods.
Behaviour as a single compound in paper chromato­
graphy in various solvent systems, and/or paper electro­
phoresis at different pHs has also been used widely as 
a further criterion of homogeneity (Johansen et al,,
1958, 1961; Tsugita and Akabori, 1959; Rosevear and 
Smith, 1961; Rolan and Smith, 1962a,b; Spiro, 1969a). 
Structure of glycopeptid.es.
Pnd group analysis
For R terminal analysis, the dinitrophenylation 
technique of Sanger (1945, 1953) has been used in most 
laboratories studying glycopeptide structure (Cunningham, 
et al,, 1957; Johansen et al., 1958, 1961; Jevons,
1958; Rosevear and Smith, 1961; Ruenke and Cunningham, 
1961; Primosigh, Peltser, Maassand Weidel, 1961;
G-huysen, 1961; Spiro, 1962a). The method shows hetero­
geneity which the previously mentioned criteria* do not 
detect. Thus similar peptide structures, differing 
only in an additional amino acid at the R terminal end 
are detected. Furthermore if the peptides are non- 
basic, this method provides evidence for the BRP-peptide 
being linked to carbohydrate, since such DRP-glyco- 
peptides are water soluble and are not extracted by 
ethyl acetate from an acidified solution. During mild
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acid hydrolysis of DITP-glycopep tides, as the carbo­
hydrate is released a yellow precipitate of HHP-peptide 
appears (Nuenke and Cunningham, 1961). When tyrosine 
is present, the formation of O-HPP-tyrosine or di-DHP- 
tyrosine provides information that tyrosine is not 
v-substituted and is either H-terminal or not.
Stronger conditions have been found necessary in 
most cases to couple HITFB with the N—terminal residues 
of glycopeptides (Tsugita and Akabori, 1959; Primosigh 
et al., 1961; Johansen e t al. , 1961). This is 
presumably due to steric factors imposed by the nearby 
heterosaccharides. The last group of workers obtained 
evidence for susceptibility of their glycopeptide 
preparation to alkali, during such end group studies. 
After exposure of the glycopeptide to pH 9 or above for 
o hr at room temperature, it yielded a HTTP-derivative 
under conditions where a sample, untreated with alkali 
did not react. The absence of HITP-hexosamin.es in 
hydrolysates of HHP-glycopeptides provides supporting 
evidence for their being acylated (Rosevear and Smith, 
1961).
For C terminal analysis of glycopeptides, chemical 
methods have not been frequently used. Prolonged 
treatment of egg albumin glycopeptides with hydrazine 
was attended by large loss of material, and thus partial
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h y d r a z i n o l y s i s  (4 h ,  1 0 0 ° )  was used  (Nuenke and Cunning­
ham, 1 9 6 1 ) .  The C t e r m i n a l  p e p t i d e  l i b e r a t e d  was 
r e s o l v e d  by p r e p a r a t i v e  p a p e r  c h ro m a to g ra p h y ,  and i t s  
s e q u en c e  p a r t l y  e l u c i d a t e d  by t h e  BNFB p r o c e d u r e .
N a r i t a  (1961)  h a s  found  t h a t  C t e r m i n a l  g l y c i n e  and 
s e r i n e  r e s i d u e s  i n  p e p t i d e s  a r e  p a r t l y  c o n v e r t e d  to  
t h e  h y d r a z i d e  by p r o lo n g e d  h y d r a z i n o l y s i s , and t h u s  
t h i s  method may g iv e  e q u i v o c a l  r e s u l t s .
Sequence  A n a l y s i s .
The exo-enzyme c a r b o x y p e p t i d a s e  h a s  been  u sed  by 
n e a r l y  a l l  g ro u p s  m en t io n ed  ab ove .  F o r  s m a l l ,  
r e l a t i v e l y  homogeneous g l y c o p e p t i d e s , b e s i d e s  y i e l d i n g  
t h e  C - t e r m i n a l  amino a c i d ,  c a r b o x y p e p t i d a s e  d i g e s t i o n  
may a l l o w  th e  se q u en ce  a t  t h e  C t e r m i n a l  s i d e  o f  th e  
h e t e r o s a c c h a r i d e  to  be ded u ced .  I t s  a c t i o n  c e a s e s  a t  
t h e  h e t e r o s a c c h a r i d e - l i n k e d  amino a c id  r e s i d u e  a l t h o u g h  
t h e  a - c a r b o x y  g roup  i s  f r e e .  S t e r i c  h i n d r a n c e  t o  t h e  
p r o t e o l y t i c  a c t i o n  o f  th e  enzyme h a s  been  invoked  f o r  
t h i s  b e h a v i o u r  (Cunningham e t  a l , 1 9 5 7 ) .  With l a r g e r  
p e p t i d e s  i n t e r p r e t a t i o n  o f  seq u en c e  i s  d i f f i c u l t  due 
t o  a p e n u l t i m a t e  amino a c id  b e t t e r  m e e t in g  th e  
s p e c i f i c i t y  r e q u i r e m e n t s  o f  c a r b o x y p e p t i d a s e *
L e u c in e a m i n o p e p t i d a s e  h a s  b e en  e x t e n s i v e l y  used  
i n  s t u d y i n g  g l y c o p e p t i d e s  f rom y - g l o b u l i n  f r a c t i o n s  
( R o se v e a r  and Sm i th ,  1958 ,  1961; Nolan and S m i th ,
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1962a,b). Generally it has removed most amino acids 
on the N-terminal side of the heterosaccharide-peptide 
linkage.
All glycopeptides studied by Smith and his 
collaborators were resistant to carboxypeptidase action. 
Thus after the above procedures, followed by separation 
of the digestion mixtures by fractional dialysis or 
preparative electrophoresis - chromatography, complexes 
containing a peptide with only two amino acid residues 
were often obtained.
Results of structural studies on glycopeptides.
Egg Albumin:
The carbohydrate enriched complex prepared from 
egg albumin in 95$ yield by Heuberger (1938) seems to 
be the first glycopeptide isolated from a glycoprotein. 
Its estimated molecular weight of 1450-1500 (see 
Johansen et al., 1961), together with the known mannose 
content (1*8$) of egg albumin, indicated that the 
heterosaccharide of this glycoprotein was present as 
one unit. Colour tests available at the time excluded 
the presence of higher peptides, tyrosine, tryptophane, 
histidine, arginine and cystine. However the glucosamine 
content accounted for only 40$ of the total N of the 
compound, which, when hydrolysed under conditions 
unlikely to destroy amino sugars liberated 15.4$ of its
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n i t r o g e n  a s  ammonia.
I n  c o n t r a s t  t o  m e th y l  and p h e n y l  g l y c o s i d e s  o f  
NAG, w h ich  were s t a b l e  to  a l k a l i  (Moggridge  and 
H e u b e r g e r ,  1 9 3 8 ) ,  p o r t i o n  a t  l e a s t  o f  th e  g lu co sam in e  
o f  t h e  complex decomposed i n t o  E h r l i c h  chromogens 
when t h e  complex was t r e a t e d  w i th  a l k a l i ,  and t h u s  
seemed i n v o lv e d  i n  a  l i n k a g e  l e s s  s t a b l e  t o  a l k a l i  
t h a n  an O - g l y c o s i d e .
P o r t e r  (1950 ) b e c a u s e  he f a i l e d  to  d e t e c t  an IT- 
t e r m i n a l  amino a c id  r e s i d u e  i n  egg a lb u m in ,  su g g e s te d  
a s  one o f  two a l t e r n a t i v e s  t h a t  t h e  s i n g l e  h e t e r o ­
s a c c h a r i d e  was a t t a c h e d  th r o u g h  t h e  N - t e r m i n a l .  T h is  
c o n c e p t  was r e f u t e d  when Cunningham e t  a l , (1957)  
p r e p a r e d  g l y c o p e p t i d e s  from egg a lb u m in ,  a l l  o f  which 
c o n t a i n e d  an amino t e r m i n a l .
As t h e  a c c e p t e d  m o le c u l a r  w e ig h t  o f  egg a lbum in  
had changed from 40 ,0 0 0  to  4 5 ,0 0 0 ,  Jo h a n se n  e t  a l ,
(1958)  r e v i s e d  th e  e a r l i e r  a n a l y t i c a l  d a t a  o f  N e u b erg e r  
(1938)  and c o n c lu d ed  t h a t  t h e  h e t e r o s a c c h a r i d e  c o n s i s t e d  
o f  5 mannose and 3 !T -a c e ty lg lu c o sa m in e  r e s i d u e s .  T h e i r  
g l y c o p e p t i d e  p r e p a r a t i o n  when h y d r o l y s e d  w i t h  m ild  
a c i d  r e l e a s e d  a  s i g n i f i c a n t  q u a n t i t y  o f  ammonia, which 
was n o t  r e a d i l y  c o m p a t ib l e  w i t h  d e s t r u c t i o n  o f  s e r i n e  
and t h r e o n i n e ,  a l t h o u g h  t h e s e  were p r e s e n t  a„s t r a c e  
c o n s t i t u e n t s  o f  t h e  g l y c o p e p t i d e  m i x t u r e .
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In  a  c r i t i c a l  and c a r e f u l  a s s e s s m e n t  o f  a n a l y t i c a l  
m ethods  a p p l i e d  i n  t h e  a n a l y s i s  o f  g l y c o p r o t e i n s , 
J o h a n s e n  c t  a l » (1961)  co n f i rm ed  t h e i r  above r e s u l t s  
a s  t h e  mosv l i k e l y  o n e s ,  b u t  made t h e  r e s e r v a t i o n  t h a t  
a c i d  s t a b l e  b e x o s a m i n id i e  l i n k a g e s  may have a r i s e n ,  
m ask ing  p e r h a p s  a n o t h e r  s u g a r  u n i t  a g a i n s t  d e t e c t i o n  as  
p r e v i o u s l y  p o i n t e d  ou t  ( G o t t s c h a l k  and Ada, 1 9 5 6 ) .
T h e i r  p u r i f i e d  egg a lb u m in  g l y c o p e p t i d e  c o n ta in e d  
une l e s s  a c e t y l  r e s i d u e  t h a n  t h e  n a t i v e  g l y c o p r o t e i n ,  
a  f i n d i n g  which t h e y  i n t e r p r e t e d  to  i n d i c a t e  t h a t  th e  
^ - t e r m i n a l  o f  t h e  p r o t e i n  was a c e t y l a t e d  a s  i n  to b a c c o  
m osa ic  v i r u s  ( H a r i t a ,  1958) and p o r c i n e  a -m e la n o c y te  
s t i m u l a t i n g  hormone ( H a r r i s ,  1 9 5 9 ) .  C o n c lu s iv e  p r o o f  
f o r  t h i s  s u g g e s t i o n  was o b t a i n e d  by i s o l a t i o n  o f  c a r b o ­
h y d r a t e - !  r e e  . - a c e t y l  p e p t i d e s  from egg a lb u m in  ( M a r s h a l l  
and H e u b e rg e r ,  1961;  H a r i t a ,  1 9 6 1 ) .
Ihe  r e s u l t s  o f  t h e  p r e l i m i n a r y  i n v e s t i g a t i o n s  
(Cunningham e t  a l M 1957;  Jo h a n se n  e t  a l .  , 1958;
J e v o n s ,  1958) a l l  d e m o n s t r a te d  t h a t  an a s p a r t i c  a c i d  
( o r  a s p a r a g i n e )  r e s i d u e  was i n v o lv e d  i n  l i n k a g e  w i t h  t h e  
h e t e r o s a c c h a r i d e  o f  egg a lb u m in .  More d e t a i l e d  s t u d i e s  
h ave  s i n c e  b e e n  made, and w i l l  be d i s c u s s e d  i n  th e  
Cli'IERAL DISCUSSIOH. I t  may s u f f i c e  t o  m e n t io n  t h a t  a s  
th e  r e s u l t  o f  t h e s e  s t u d i e s  (Huenke and Cunningham, 
h' h- , 19 61; Jo h a n se n  e t  a l . , 1961:  Lee and Montgomery,
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1962) the following sequence in the vicinity of the 
egg albumin heterosaccharide emerges:
Tyr.Asp(heterosaccharide).Leu.Thr.Ser.Val.Ieu 
Taka-amylase A .
Both ninhydrin positive glycopeptides prepared 
from the crystalline glycoprotein Taka-amylase A, had 
serine as IT-terminal residue, and yielded a serine - 
carbohydrate complex after prolonged digestion with 
carboxypeptidase♦
Human, rabbit and bovine y globulins.
The results for all three species indicate that 
aspartic acid is involved in attachment of the hetero­
saccharide. Rosevear and Smith (1958, 1961) obtained 
3 glycopeptide fractions, which appeared to be derived 
from the same structure within human Y~£lo"kulin.
Rolan and Smith (1962a) also obtained 3 glyco­
peptide fractions from rabbit y globulin, which they 
considered to be derived from one structure in the 
glycoprotein by random hydrolysis of the peptides with 
papain. However since the heterosaccharide appeared 
to have undergone considerable hydrolytic cleavage during 
the isolated procedure, there is some doubt on the 
number of heterosaccharides.
The results of the study of a y-globulin fraction 
of cow colostrum (Rolan and Smith, 1962b) were alser
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difficult to interpret with regard to the number of 
heterosaccharides per glycoprotein molecule. However 
the finding that one glycopeptide fraction contained 
all the mannose of the original glycoprotein suggested 
that again one heterosaccharide is the most probable, 
and that some carbohydrate components, perhaps a whole 
branch chain, were lost during isolation. The sequences 
found for the largest glycopeptides from each species 
we re:
Human: Glu.Glu.Asp( NHC).fyr.Glu. Asp. heterosaccharide
Habbit: Glu. Glu. (NH«->).Glu.(HHg).Phe.Asp.heterosaccharide
Bovine: Lys.Pro.Arg.Glu.Glu.Glu.(ITH9).Phe.Asp.hetero­
saccharide
Petuin.
Several glycopeptide fractions have been obtained 
from fetuin, all containing aspartic acid and serine 
and invariably having free IT- and C-terminal groups 
(Spiro, 1962a). It was concluded that the heterosaccharides 
in fetuin are linked to the protein through side-chain 
functional groups. 
q^-Acid glycoprotein.
Glycopeptide preparations from q-,-acid glycoprotein 
(Izumi et al. , 1961; Kamiyama and Schmid, 1962) 
contained aspartic acid and threonine as the main 
components. In both preparations these amino acid
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residues had free amino groups, and the results of 
the former authors were consistent with both aspartyl 
(or asparaginyl) and threonyl residues being involved 
in linkage with the heterosaccharides of a^-acid glyco­
protein.
In the studies with fetuin and -acid glycoprotein, 
the non-stoicheiometric amino acid contents of some 
glycopeptide fractions suggested that heterosaccharides 
free of amino acids were present. The non-specific 
plant proteases papain and S.griseus, used in the 
preparation of these glycopeptides, were thought to have 
cleaved some heterosaccharide-polypeptide linkages 
(Spiro, 1962a; Kamiyama and Schmid, 1962).
B* CHEMICAL APPROACH - STUDIES OK GLYCOPROTEINS.
There have been few attempts to study carbo­
hydrate-protein linkages by chemical methods. The 
method introduced by Frankel and Jellinek (1927) for 
obtaining carbohydrate free of amino acids (10$ baryta, 
100°, 3h under Hc), has been shown to cause extensive 
degradation of carbohydrate-complexes, at least when 
the treatment was applied for longer periods. The 
carbohydrate-enriched preparation from egg albumin 
(Heuberger, 1938) when treated for 7h lost 37$ of its 
nitrogen as ammonia. Bragg and Hough (1961) treated 
ovomucoid with 10$ baryta for 17h and obtained evidence
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suggesting saccharinic acid formation from the reducing 
end of the heterosaccharide, and furthermore found 
that a product completely free of amino acids could not 
he obtained. The results of Tanaka (1961) may be con­
sistent with this observation. This author cited 
evidence for isolation of a glycopeptide after refluxing 
ovomucoid in 10c;S baryta for 12h. It was concluded after 
partial acid hydrolysis and hydrazinolysis studies on 
the glycopeptide that the linkage of the heterosaccharide 
was via the ß-carboxyl group of aspartic acid. The 
yield of this glycopeptide however was low (3$).
Some results of C-terminal analyses in ovomucoid 
are of interest in connexion with possible carbohydrate- 
protein linkages in ovomucoid. In applying LiAlH^ 
reduction as a method for C-terminal analysis of proteins, 
Jromageot and Jut is s (1953) found that- ovomucoid alone 
reacted satisfactorily without prior esterification, 
and yielded 0.8 mole phenylalanine per mole ovomucoid. 
Though acid amides classically are reduced by LiAlH^, 
the reaction seems much less favoured in proteins, 
presumably due to restricted solubility. Thus, the 
above authors found no artefacts in an acid hydrolysate 
of LiAlH^-reduced ovomucoid, such as would be expected 
if portion of the 9 amide residues of ovomucoid 
(Marshall and Heuberger, 1960) we re reductively cleaved. 
These results were compatible therefore with phenyl-
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alanine being in preformed ester linkage, perhaps 
with the carbohydrate. If indeed the heterosaccharide- 
protein linkage(s) had been reductively cleaved by 
LiAlH^, the data further suggested that the hetero- 
saccharide was a large, non-diffusible unit, since no 
less of glucosamine occurred during prolonged dialysis 
(Penasse et al. , 1952).
Phenylalanine was also C-terminal in ovomucoid by 
the thiohydantoin procedure of Turner and Schmerzler 
(1953), but since their method involved exposure of the 
glycoprotein to acid and alkali, and since no quantitative 
data were presented, it could not be excluded that 
phenylalanine was ester linked. Furthermore, despite 
the preferential action of carboxypeptidase on C- 
terminal "aromatic" residues in proteins, no trace of 
any amino acid was released from ovomucoid on prolonged 
carboxypeptidose digestion (hoble, Legault-Demare and 
Jutisz, 1957). The alternative interpretation, con­
sistent with phenylalanine being C-teminal, but in­
accessible to carboxypeptidase. is that the carbohydrate 
is present as a very large heterosaccharide linked to a 
residue near the C-terminal end and thus sterically 
hinders carboxypeptidase action.
Partial hydrolysis of pig stomach mucus with 
lowex 1 (OH form) and Lowex 50 (H+ form) has been
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r e p o r t e d  to  y i e l d  a c r y s t a l l i n e ,  n o n - d i f f u s i b l e  g l y c o -  
p e p t i d e  c o n t a i n i n g  th e  amino a c i d s  s e r i n e  and a l a n i n e  
(Masamune, Hakomori and Masamune, 1 9 5 6 ) .  A f t e r  h y d r o l y s i s  
(N :.oS0^ ,  6h, 1 00°)  o f  t h e  g l y c o p e p t i d e ,  f r a c t i o n a t i o n  
by a d s o r p t i o n  t o  Dow ex 50 (H+), and e l u t i o n  w i t h  ammonia 
( 0 . 5 N ) ,  and IT a c e t y l a t i o n ,  a c r y s t a l l i n e  r e d u c i n g  
complex ,  c h a r a c t e r i z e d  a s  N - a c e t y l g a l a c t o s a m i n y l -  
g a l a c t o s e  s e r i n e  e t h e r  was o b t a i n e d ,  i n  l e s s  t h a n  Ifo 
y i e l d .  An I T -g ly c o s id ic  l i n k a g e  i n v o l v i n g  NAG- and th e  
amino g ro u p  o f  a  t e r m i n a l  a s p a r t i c  a c i d  r e s i d u e  i n  hog 
g a s t r i c  mucus h a s  a l s o  been  r e p o r t e d  (Masamune, 1 9 5 6 ) .
By r e p e a t e d  t r e a t m e n t  o f  b o v in e  y - g l o b u l i n  w i t h  a  
t r i e t h y l a m i n e - w a t e r  m i x t u r e  i n  a s e a l e d  tu b e  a t  1 0 0 ° ,  
a  n o n - d i f f u s i b l e  g ly c o p e p t i .d e  w i t h  a  m o l e c u l a r  w e ig h t  
o f  3000-4000 h a s  b e en  o b t a i n e d  (M ic h e e l  and S u th a u s ,
1 9 5 8 ) .  On h y d r o l y s i s ,  t h e  g l y c o p e p t i d e  was shown t o  
c o n t a i n  g lu c o s a m in e ,  g a l a c t o s e ,  mannose,  f u c o s e ,  
g l u t a m i c  a c i d ,  a s p a r t i c  a c i d  and p h e n y l a l a n i n e  i n  t h e  
m o la r  r a t i o  4 : 2 : 4 : 1 : 1 : 1 : 0 . 2 5 .  A l th o u g h  t h e  h e t e r o ­
s a c c h a r i d e - p r o t e i n  l i n k a g e  was s t a b l e  t o  t h e  above 
a l k a l i n e  c o n d i t i o n s  o f  p r e p a r a t i o n ,  s t r o n g  b a r y t a  a t  
100° h y d r o l y s e d  i t .
0. STUDIES ON MODEL COMPLEXES.
The r e a l i z a t i o n  t h a t  hexosamine  i s  i n v a r i a b l y  
p r e s e n t  i n  th e  c a r b o h y d r a t e - p r o t e i n  complexes has
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resulted in the assumption often being made that 
bexosamine is directly involved in linkage to the 
protein. A further assumption, consistent with the 
peptide structure of proteins, would be that the 
linkage is an amide involving a carboxyl group of the 
polypeptide and an amino group of the hexosamine.
Thus, intermittently over the last 30 years, amino 
acid amides of O-glucosamine have been synthesized.
The first such derivatives ^o be prepared were 
I.-L-alanyl-O-glucosamine and N-(l-alanyl-L-alanyl-)-D- 
glucosamine (Bertho, Holden, Weiser and Huther, 1931: 
Bertho and Maier, 1932). The former compound decomposed 
on boiling in weak alkali (N/50 approx.) into L-alanyl- 
dehydro-glucosamine anhydride, for which the ketopyrazine 
structure shown below was biven.
OH = N - CH.CHr,
I I0 = IT - CO
1HO - C - H
I
H - C - OHI
H - C - OH
ICHo0H
CJ
Bergmann and Zervas (1932) and Doherty, Popenoe 
and Link (195?) have prepared D-glucosamine derivatives 
bearing a variety of acyl functions by interaction of 
benzyloxycarbonyl derivatives of amino acid chlorides
57.
with 1,,4,6-tetra-O-acetyl-ß-D-glucosamine . More 
recently a convenient method for condensing a carboxylic 
acid with an amino in high yield in the presence of 
dicyclohexylcarbodi-imide was introduced (Sheehan and 
Hess, 1955). The method has been used for preparation 
of amides of glucosamine (Jones et al., 1961; Bonner 
and he Harr ee, 1961). However one of the final steps in 
such syntheses is de-O-acetylation which is usually 
effected by an organic base in anhydrous organic 
solvent at low temperatures.
Marks and Heuberger (1961) have recently drawn 
attention to a report by Baer that penta-acetylgluco- 
samine, when deacetylated under such conditions^ is 
extensively degraded; about half the compound is 
converted to anhydroglueosamine derivatives, such as 
those chromogenic in the Morgan-Elson test. It was 
suggested as the reason for difficulties experienced 
by Doherty et al. (1953) in crystallizing synthetic 
model compounds, and equally well accounts for the low 
yields of H-acylated glucosamines obtained by Jones 
et al. (1961).
Marks and Heuberger (1961) therefore developed 
conditions of acid hydrolysis which result in de-O- 
acetylation without removal of the N-acyl groups (2*5 
N ihSO... , room temperature, ?6-44h), and obtained
CHj-OR
X-- ° \ N H  • CO- CH2 • CH • C 0 2R
"HR'
1 OR
( l a :  r - r ' - R ' - H )
(lb: R ° Ac; R' “ CHt Ph;
r '  « 0-CO-CH2Ph)
(Ic; r ■ R '“ H; R** O-CO-CHjPh)
c h 2-o r  
A -----°V OR
n h -c o -c h 2-c h -c o 2r ' 
NHR*
(Ila: R = R' = R' = H)
(IIb: R = Ac; R' = CH2Ph;
R* = 0-CO-CH2Ph)
(lie: R = H; R' * Me; R* * 0-CO-CH2Ph)
(lid: R * Ac; R' * R*
CH2-OAc
(IV)
P h - C H 2 - 0 - C 0 - N H - C H - C 0 2C H 2Ph
c h 2- c o 2h
(V )
f C o H  h , n h - c o - c h 2- n h 2
h 2o 3p - o - h 2c ^ —
(V I )
C H 2 - O A c
X -------° \ N H - C 0 - C H 2 - N H - 0 - C 0 - C H 2Ph
A c o S ^ ^ f
c h 2 - o r47
' n h - c o - c h 2 - n h r '
0 A c  ( V I I ) ( V i l l a :  R * A c ;  R' = Q - C O - C H 2Ph)
(Vlllb: R = R' = H)
Pig. 5.
Prom Marks and Heuberger (- p - ; > *
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crystalline K-(l-ß~aspartyl)-D-glucosainine (Ha; see 
Fig. 5) a possible structure involved in the egg 
albumin linkage, in a yield of 87$.
They also prepared another possible model structure, 
:-(L-ß-aspartyl)-ß-D-glucopyranosylamine, by 
condensation of tetra-0-acetyl-ß-D-glucopyranosylamine 
(III) with a-benzyl benzyloxycarbonyl-L-aspartate (V) 
in the presence of dicyclohexyl carbodi-imide. By 
simultaneous saponification of the benzyl ester and 
O-acetyl groups, followed by catalytic hydrogenation to 
remove the benzyloxycarbonyl group, h-L-ß-asparty1-ß-D- 
glucopyranosylamine (la) was obtained crystalline in 
84$ yield.
Both models resembled asparagine in its brown colour 
with ninhydrin reagent, and had the same or similar pK9 
values a.s asparagine (pKg = 8.80). Kinetic studies with 
alkali showed that there was no chance of cleaving one 
bond only in the aspartyl-glucosylamine structure (la) 
and isolating either asparagine or glucosylamine. The 
linkage was typical of amide linkages in being more 
susceptible to alkali than to acid of comparable strength 
i.e. fission of the amide C-N bond is the rate 
determining step, and is followed by rapid hydrolysis 
of glucosylamine. The rates of acid hydrolysis of the 
acylglucosylamine (la) and. the glucopeptide (Ila)
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f o l l o w e d  f i r s t - o r d e r  k i n e t i c s  i n  NHC1 a t  1 0 0 ° ,  and 
were s i m i l a r  ( 4 . 9  x 1 0 " omin~1 and 3 .4  x l o o m i n ' ”1 
r e s p e c t i v e l y ) .  These r a t e  c o n s t a n t s  a r e  c o m p a t i b l e  
w i t h  t h e  f i n d i n g  o f  J o n e s  e t  a l . (1961)  t h a t  the  g l u c o -  
p e p t i d e s  F - L - s e r y l - ,  F - L - g l y c y l -  and F - L - g l u t  a m y l - f -  
g lu c o s a m in e  a r e  s t a b l e  to  NHC1 a t  60° f o r  24 h .
The l a t t e r  a u t h o r s  a l s o  s y n th e s i z e d ,  c r y s t a l l i n e  
s e r i n e - O - p - h - a c e t y l g l u c o s a m i n i d e , w hich  i s  o f  c o n s i d e r a b l e  
i n t e r e s t  w i t h  r e s p e c t  t o  c a r b o h y d r a t e - p r o t e i n  l i n k a g e s .
On t h e  b a s i s  o f  t h e  h i g h  s e r i n e  and t h r e o n i n e  c o n t e n t  i n  
c a r b o h y d r a t e - p r o t e i n  co m p lex e s ,  Werner (1953)  s u g g e s t e d  
t h a t  t h e s e  r e s i d u e s  may be i m p o r t a n t  i n  O - g l y c o s i d e  
f o r m a t i o n .  As w i l l  be d i s c u s s e d  i n  th e  l a s t  p a r t  o f  
th e  t h e s i s ,  t h e  h e t e r o s a c c h a r i d e - p r o t e i n  l i n k a g e  i n  
T ak a -am y lase  A ( T s u g i t a  and A k a b o r i ,  1959) cou ld  w e l l  
be such  a  s t r u c t u r e .
I!
The s y n t h e s i s  i n v o lv e d  a  K ön ig e -K n o rr  ty p e  o f  
c o n d e n s a t i o n  be tw een  N - b e n z y l o x y c a r b o n y l s e r i n e  m e th y l  
e s t e r  and l - c h l o r o - l - d e o x y - F - a c e t y l - 3 , 4 , 6 - t r i ~ 0 - a c e t y l -  
a - D - g l u c o s  a m i n e , f o l lo w e d  by removal  o f  0 - a c e t y l  and 
b e n z y l o x y c a r b o n y l  p r o t e c t i n g  g r o u p s  i n  t h e  u s u a l  m anner .  
The compound was s t a b l e  i n  0.25N NaOH ( a p p r o x . )  f o r  3h 
a t  room t e m p e r a t u r e .  I n  FH01 a t  60° i n  l h  how ever ,  i t  
y i e l d e d  s e r i n e ,  NAG and g lu c o s a m in e .
A m o d i f i c a t i o n  o f  t h e  c a r b o d i - i m i d e  s y n t h e s i s  o f
60
acyl glucosamines, which is an improvement over previous 
methods has been briefly reported. Finn and Platt 
(1961) obtained condensation between U-benzyloxycarbonyl 
amino acids and D-glucosamine in the presence of 
dicyclohexyl carbodiimide, without esterification of the 
sugar hydroxyl groups. Thus the time consuming steps of 
O-acetylation and of subsequent de-O-acetylation are 
obviated♦
The same authors (Platt and Finn, 1962) have 
similarly synthesized a ’'model glycoprotein" by 
condensation of chitosan, an alkali degradation product 
of chitin, with polyglutamic acid. The authors excluded 
the presence of an ester linkage in the compound because 
of a negative hydroxamide test. However the methyl ester 
of polyglutamic ester also reacts very weakly in this 
test (Graham, personal communication).
PAPER 1*
STUDIES ON GLYCOPROTEINS
IV. THE LINKAGE OP THE PROSTHETIC GROUPS TO 
THE PROTEIN CORE IN OVINE SUBMAXILLARY
GLAND GLYCOPROTEIN
SUMMARY
When an unbuffered solution of ovine submaxillary gland 
glycoprotein, adjusted to pH 10*4, was heated for several 
hours at 80 , concomitant with the release of prosthetic 
groups (a-D-B-acetylneuraminyl (2 6) N-acetylgalactosamine)
carboxyl groups on the residual OSM were unmasked. Since 
this observation suggested an ester type of linkage between 
the prosthetic group and the polypeptide chain, ovine sub­
maxillary gland glycoprotein was submitted to treatment with 
LiBH^ in tetrahydrofuran, a reagent known to effect a 
reductive cleavage of ester linkages. To increase the 
solubility of ovine submaxillary gland glycoprotein in tetra— 
hydrofuran, the size of the ovine submaxillary gland glyco­
protein molecule was decreased by trypsin action and its 
dipolar ion character reduced by converting the free NHg-groups 
into their phenylthiocarbamyl derivatives. After treatment 
with LiBH^ of the ovine submaxillary gland glycoprotein 
fragments thus prepared, only 12% of the total dicarboxylic 
acids were recovered, indicating that about 80% of the 
prosthetic groups are involved in a glycosidic-ester linkage 
to the free carboxyl groups of aspartyl and glutamyl residues.
The prosthetic group released on reductive cleavage of 
the ester bond was isolated. It was further shown that about 
18% of the total H-acetylneuraminic acid remained bound within
ovine submaxillary gland glycoprotein even after 4 h 
heating in 0.01 N NaOH, suggesting an alkali-stable 
O-glycosidic linkage of about 18$ of the prosthetic groups 
to serine and/or threonine residues.
1 .
INTRODUCTION
I t  was shown p r e v i o u s l y 1 t h a t  t h e  m ain , i f  n o t  th e  
o n ly ,  p r o s t h e t i c  g roup  o f  OSM i s  th e  d i s a c c h a r i d e  a-D -N - 
a c e ty Q n e u ra m in y l  ( 2 - » 6 )  N - a c e ty l g a la c t o s a m in e .  About 42% 
ot t h e  g l y c o p r o t e i n  i s  c a r b o h y d r a te  c o n s i s t i n g  o f  e q u i -  
m o le c u l a r  am ounts o f  NANA and NAGal; th e  r e s t  i s  p r o te in *  
Q u a n t i t a t i v e  a n a l y s i s  o f  th e  p r o t e i n  m o ie ty  r e v e a l e d ^  a  low 
c o n te n t  o f  a ro m a t i c  and s u l p h u r  c o n t a i n i n g  amino a c i d s  and 
a  r e l a t i v e l y  h ig h  c o n s e n t  o f  g l y c i n e ,  p r o l i n e  and ß -h y d ro x y -  
a -am ino  a c i d s .  OSM c o n t a i n s  10.7% d i c a r b o x y l i c  a c i d s  
( e x p r e s s e d  a s  g lu ta m ic  a c i d ) ;  o n ly  0.33% o f  th e  t o t a l  N i s  
am ide-N .
When t h e  p r o s t h e t i c  g roup  o f  OSM was d e ta c h e d  by g e n t l e  
a l k a l i  t r e a t m e n t ,  i t  was o b se rv e d  t h a t  th e  r e l e a s e  o f  t h e  
p r o s t h e t i c  g ro u p  was i n v a r i a b l y  accom panied  by a  d e c r e a s e  i n  
pH. I t  w as, t h e r e f o r e ,  d e c id e d  to  d e te rm in e  q u a n t i t a t i v e l y  
th e  ch an g es  e f f e c t e d  by h e a t i n g  an  u n b u f f e r e d  aqueous 
s o l u t i o n  o f  OSM, a d j u s t e d  to  pH 1 0 .4 ,  a t  80° f o r  s e v e r a l  h o u r s .  
The d e t e r m i n a t i o n s  i n c lu d e d  th e  amount o f  p r o s t h e t i c  g ro u p s  
r e l e a s e d ,  th e  number o f  N - a c e ty l  g ro u p s  s p l i t  o f f ,  th e
I 'io n -s tan d a rd  a b b r e v i a t i o n s :  OSM, o v in e  s u b m a x i l l a r y  g lan d
g l y c o p r o t e i n ; NANA, N - a c e ty ln e u r a m in ic  a c i d ;  NAGal, 
N - a c e t y l g a l a c t o s a m i n e ; THR, t e t r a h y d r o f u r a n ;  RDE, 
a - n e u r a m i n id a s e .
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decrease in pH and the volume of standard hydrochloric acid 
solution required to imitate the same drop in pH, The fair 
relationship, on a mole per mole basis, between prosthetic 
groups released and carboxyl groups on OSM unmasked, strongly 
suggested linkage of the prosthetic groups through their 
reducing ends to the free carboxyl groups of dicarboxylic 
acid residues by a glycosidic-ester linkage.
A direct proof for the presence of an ester linkage and 
tne identification of the carboxylic acids involved were 
provided by submitting OSM to the action of LiBH^ in 
anhydrous THF. NYSTROM et al.5 have shown that under 
appropriate conditions this reagent will reduce the ester group 
to the corresponding alcohol group but will not react with 
the acid amide group, CHIBNALL AND EEES^ have applied this 
procedure of reductive cleavage of ester bonds to determine 
the G—terminal residues in proteins of low molecular weight, 
me carboxyl groups of. C—terminal residues, after preliminary 
esterification, were reduced by LiBH^ and on subsequent acid 
hydrolysis the modified residues were present in the 
hydrolysate as amino alcohols or hydroxyamino acids. According 
to the authors the reduction by LiBH^ of the amide groups in 
proteins is negligible and the reductive cleavage of peptide 
bonds, under standard conditions, does not amount to more 
than 1-2% of the total peptide bonds. Treatment of OSM with 
LiBH^ seemed therefore a suitable technique to test for the
3.
presence of preformed ester linkages. When applying this 
technique a difficulty arose in the low solubility of OSM 
in THE. Most of this difficulty v/as overcome by 
fragmentation of OSM and by reducing its dipolar ion character 
prioi to reaction with LiBH^. fragmentation was achieved by 
digesting OSM with crystalline trypsin according to 
00 fib CHALK AND EAZEKAS DE ST. GROTH1. The chances of dipolar 
ion formation were reduced by converting the free amino 
groups of the fragments from trypsin treatment into their 
phenylthiocarbamyl derivatives according to EDMAN^•
EXPERIMENTAL
Materials
N-Acetyl-D— glucosamine v/as prepared from D—glucosamine
hydrochloride according to WHITE7 ; m.p. 196° (decomp.);
18 o[a] 'x) + 41 in water (equilibrium).
a-D-N-Acetylneuraminy1 (2-* 6) N-acetylgalactosamine was 
prepared from OSM according to GRAHAM AND GOTTSCHALK1,
Absolute methanol was prepared by heating commercial 
"absolute" methanol with magnesium turnings activated by 
iodine under reflux and distilling the product with exclusion 
of moisture.
Methanolic HC1 was prepared as an approximately 2 N 
solution using dry HC1 gas and stored at - 15°, The normality 
was determined by titration.
THE was purified and dried according to CRAWHALL AND
4.
g
ELLIOTT * Immediately before use peroxides and traces of 
water were removed by refluxing in the presence of LiAlH^ 
for 1 h followed by distillation into a carefully dried 
receiver.
commercial lithium borohydride was purified according to
CHIBNALL AND REES4 . A stock solution of about 1.2 M LiBIL4
in THE was prepared, centrifuged at 2,500 rev./min for 5 min 
and assayed by iodate titration (see METHODS).
Methylal (dimethoxymethane) was purified and dried 
according to BEHNATEK9; b.p. 44°.
The phenylester of isothiocyanic acid was redistilled 
under diminished pressure before use.
Benzene (AR) was used without further purification.
Ovine salivary gland glycoprotein was prepared as 
described previously4.
Trypsin, twice recrystallized, was obtained from the 
Nutritional Biochemicals Corporation, Cleveland, Ohio.
Cellulose casings (2.5 cm circumference) for dialysis 
were obtained from the Yisking Corporation, Chicago,
METHODS
NANA was determined according to SVENNERHOLM10 using 
crystalline N AM as standard.
N-Acetyl-D-glucosamine was determined according to 
AMINOEE, MORGAN AND WATKINS11.
The reducing power of LiBH4 was estimated by titration
5 *
with iodate according to LYTTLE, JENSEN AND STRUCK12.
The prosthetic group released from OSM by treatment with 
very mild alkali or with LiBH^ was separated by dialysis and 
assayed quantitatively by determination of its NANA content. 
io allow ior the destruction of released prosthetic group 
under the conditions of the experiments shown in Table 1 
appropriate amounts of a-D-N-acetylneuraminyl (2 —> 6) NAGal 
were heated in 0.1 M boric acid-KCl-NaOH buffer, pH 9.72, 
lor 3 h at 80° and the NANA content before and after this 
treatment determined. The recovery was 86^; appropriate 
corrections were applied to the figures shown in Table 1, 
column (d). When the prosthetic group was heated in 0.3 M 
LiBH4 in THP at boiling point for 6 h, only about 50% of the 
NANA was recovered.
Acid hydrolysis of the LiBH^—treated OSM was carried out 
by heating the sample in 5 ml 6 N HC1 for 24 h at 105° in a 
sealed tube. The hydrochloric acid was removed in a vacuum 
desiccator in the presence of concentrated HgS04 and NaOH.
Isolation of the dicarboxylic acids on a Dowex I 
(acetate form) column, their elution with N acetic acid and 
quantitative determination in the original (not lyophilized) 
eluate were carried out as previously described2. 
Lyophilization of effluent and eluate served only to verify 
by paper chromatography the absence of aspartic and glutamic 
acids in the effluent and their presence, uncontaminated by
6other amino acids, in the eluate.
Measurements of pH were made with a Model B pH 
electrometer (N.L. Jones, Melbourne) equipped with Type B 
Glass Electrodes which virtually eliminate sodium ion 
corrections.
The apparatus used for LiBH^ treatment of OSM (or 
fragments and derivatives thereof) consisted of a 50 ml 
round-bottom flask fitted with a three-armed adaptor. One 
side-arm carried a Liebig condenser connected at the top with 
a CaClg drying tube, the other a ground glass stopper enabling 
quick addition of the carefully dried reactants. The central 
arm was fitted with a brass bearing through which passed the 
shaft of a mechanically driven glass stirrer.
RESULTS
Quantitative analysis of the physical and chemical changes 
effected by mild alkali treatment of OSM.
400 mg OSM was dissolved in 30 ml distilled water, the 
pH being adjusted to about 8.0 with a few drops of NaOH 
solution. The solution was exhaustively dialysed at 0°, 
first against a large volume of distilled water adjusted to 
pH 3.0 with hydrochloric acid solution and then against 
distilled water, the dialysis media containing 0.1$ toluene. 
Subsequent to dialysis the content of the cellophane bag was 
made up with water to a volume of 50.0 ml and the pH carefully 
adjusted to a value close to 10.40 with dilute NaOH solution.
7About 38 ml of this OSM solution was heated in a sealed 
Erlenmeyer flask for 6 h in a water-bath at 80°; after 
cooling the pH was again measured and found to be close to 
9.3. 33ml of this solution, after neutralization to about 
7*0, was dialysed against 10 volumes of distilled water 
(containing 0.1$ toluene) at 0° on a rocking device. The 
dialysate was lyophilized and analysed for NANA. Since the 
dialysable material consists only of the prosthetic group 
and its conversion products^, the NANA content is a direct 
measure of the prosthetic groups released when corrected 
for the small amount (14$) of prosthetic groups destroyed 
under the conditions of alkaline treatment.
A 10.0-ml aliquot of the OSM solution adjusted to pH 
10.4 was titrated with 0.005 N HC1 to exactly the same pH 
as that measured after heating the above 38 ml at 80° for 
6 h; the amount of standard acid required was recorded.
In 1.0-ml aliquots of the OSM solution before and after 
heating at alkaline pH the ninhydrin colour values were 
determined according to MOORE AND STEIN‘S. Invariably a 
somewhat higher value was found after heating. The nin­
hydrin colour values have quantitative significance only for 
amino acids; for peptides they have a mere qualitative 
meaning, since even small peptides such as glutathione and 
tetraglycine have not more than 75$ and 80$ respectively of 
the ninhydrin colour value of an equimolecular amount of
8L-leucine. For this reason no correction was made for 
the small amount of carboxyl groups which may have been 
unmasked by peptide cleavage during the mild alkali treat­
ment and which would be completely ionized, whereas at pH 
» * on the average only half of the unmasked amino groups 
would accept a proton. The amount of N-acetyl groups split 
off from the two components of the prosthetic group during 
alkali treatment of OSM was assessed in the following way: 
About 3.0 mg crystalline N-acetyl-D-glucosamine was dissolved 
in 6.0 ml of 0.1 M boric acid-KCl-NaOH buffer (pH, 9.8); an 
aliquot of this solution was heated for 6 h at 80°. After 
cooling for a while at 20°, the N-acetylhexosamine content 
of the solution, diluted 1:25, was determined and compared 
with that of another aliquot of the alkaline solution kept 
as control at 20°. In three experiments an average of 4.3$ 
of the acetyl group was released. A release of the same 
magnitude was assumed to hold for the N-acetyl group of the 
NANA residue of the prosthetic group when OSM was heated 
under mild alkaline conditions as described above. All H+ 
of the liberated acetic acid will decrease the pH of the 
medium since the pKa value of the hexosamine thus formed 
is 7*8. The results of some experiments are shown in 
Table I.
9TABLE' I
CORRELATION BETWEEN THE UNMASKING OP NEGATIVELY CHARGED 
'GROUPS ON OSM AND THE RELEASE OP PROSTHETIC GROUPS 
ON VERY MILD ALKALI TREATMENT
All data refer to 10*0-1111 aliquots of an aqueous 
solution containing 80 mg OSM. Conditions of 
alkali treatment: 80°, 6h, pH at time zero as 
under (a)*
(a) (b) (c) U) (e)
Change in pH ytfmoie of H+ 
required to 
imitate pH 
change &
^mole negatively y*mole 
charged groups prosthetic
unmasked on groups
OSM released
lOOxf
10.42 9.40 5.02 3.59 1.97 54.9
10.42 9.30 4.74 3.31 2.08 62.8
10.41 9 . 3 ^ 4.18 2.75 1.96 71.3
10.41 9.30 4.91 3.48 2.13 61.2
^Measured by consumption of 0*005 N HC1.
“ (c) = (b) + 3.04 + 1.22 - 5.69. The correction is 
made up of 3.04jxmole of H+ bound by £-NHg groups 
of 1.5# (w/w) lysine and of 1.2^mole of H+ bound 
by the ionized OH-group of 0.5# (w/w) tyrosine over 
the pH change (a) and of 5.69^mole of H+ originating 
from cleavage of acetamido groups of OSM on the mild 
alkali treatment. OSM does not contain any free 
SH-groups.
^ ^ A n  accident occurred during the experiment; all
measurements had to be carried out on small aliquots.
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Effect of LiBH^ treatment of OSM on the recovery of 
dicarboxylic acids»
In two sets of experiments the presence of ester 
linkages in OSM was tested for by LiBH^ with anhydrous 
THE as solvent. In the first set, treatment with LiBH^ 
was preceded by fragmentation of OSM with trypsin. In the 
second set, in addition to trypsin digestion the free 
amino groups of the fragments were converted into phenyl- 
thiocarbamyl groups by reacting with phenylisothiocyanate 
(CgH^NCS). The treatment with LiBH4 and the subsequent 
analysis for dicarboxylic acids were in both cases the same* 
Trypsin digestion of OSM.
50*0 mg OSM, dissolved in 10.0*ml 0*1 M phosphate 
buffer, pH 8.0, was digested with 1 mg crystalline trypsin 
(one drop of toluene added) at 35° for 16 h with very 
gentle shaking. After removal of salts by exhaustive 
dialysis at 0° in the presence of toluene, the content of 
the dialysing bag was divided into two equal parts and dried 
in a desiccator. It may be noted that the polypeptides 
resulting from the tryptic digestion of OSM were not
Rdialysable, as was shown recently.
Treatment of the OSM-tryosin digest with phenylisothiocyanate
(c £h5n c s).
When trypsin digestion of OSM was followed by 
substitution of the free amino groups, the dried material, 
obtained as above, was dissolved in a mixture of 1.0 ml
11
water and 1.0 ml N-allyl piperidine-pyridine buffer 
(l g N-allyl piperidine in 39 ml pyridine, pH adjusted to 
9.0 with N acetic acid. This buffer was kindly recommended 
to us by Dr. P. Edman, Melbourne). After addition of 0.1 ml 
phenylisothiocyanate the mixture was heated in a glass- 
stoppered test tube at 40° for 1 h with occasional shaking.
The cooled mixture was extracted seven times with equal 
volumes of benzene and the aqueous layer concentrated to 
dryness in a desiccator.
Treatment of digest with lithium borohydride (LiBH^).
The dried material resulting from the trypsin or 
trypsin-CgH^NCS treatment was dissolved in 15 ml of 0.3 M 
LiBH^ in THF and refluxed with stirring (see METHODS) at 
boiling point for 7 and 10 h respectively. After cooling, 
an excess of methanolic HC1 (2-3 ml) was slowly added to 
the reaction mixture and stirring continued for 1 h to ensure 
complete decomposition of excess LiBH^. The solvent was 
removed by vacuum distillation at 20° under anhydrous 
conditions.
Assay for monoaminodicarboxylic acids.
The dry residue thus obtained containing in addition to 
the 0SM fission and reaction products some LiCl was hydrolysed 
and the hydrolysate assayed for dicarboxylic acids (see 
METHODS). In some experiments it was ascertained that the 
eluate containing the dicarboxylic acids contained all di-
12
carboxylic acids present in the hydrolysate and that it was 
free from monoamino-monocarboxylic acids (see METHODS).
The results are summarized in Table II.
TABLE II
EFFECT OF LiBH^ TREATMENT OF OSM ON THE RECOVERY OF
DICARBOXYLIC ACIDS
All data refer to 25 mg OSM. Conditions of treatment: 
OSM in 15 ml 0.3 M LiBH, in THF, refluxed for specified times. ^
AFret re atment Time of heating 
with LiBH.
0 0  4
Total dicarboxylic 
acids recovered** 
(expressed as 
glutamic acid) 
mg
Recovery 
in fo of 
theory1***
Trypsin 7 1.80 67.3
Trypsin 7 1.68 62.8
Trypsin 7 1.73 64.7
Trypsin 10 1.49 55.7
( 7 0.90 33.6
( 7 0.86 32.1
Trypsin followed / 7 0.96 35.9by phenyliso- ( 10 
! 10
0.32 9thiocyanate V' •  O' K/
0.34 12.7
( 10 0.32 11.9
isrFor details see 
"^Corrected for
text •
the contribution from cystalline trypsin
containing 18% total dicarboxylic acids expressed as 
glutamic acid*
iittilrOSM contains 10*7^ total dicarboxylic acids expressed 
as glutamic acid. The experiments tabulated were 
carried out with the same batch of OSM.
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It may be mentioned that replacement of the solvent
THP by methylal (dimethoxymethane) which is of more polar
character than THP but lias a much lower boiling point (44°)
did not improve the solubility of the OSM fragments*
K A M  and hexosamine content of OSM after treatment with 
Lir'h^: .isolation end id on tification of the prosthetic group
released.
100 mg OSM was first digested with trypsin, then treated 
with C6H5NCS and finally allowed to react with LiBH^ in THP 
as described in the previous sections. After cooling the 
reaction mixture in ice the excess of LiBH^ was decomposed 
by dropwise addition of methanolic HC1 under mechanical 
stirring and the volatile material removed at 0° under 
diminished pressure. The residue, dissolved In 20 ml water, 
was dialysed against 10 volumes of water (containing 0.1$ 
toluene) at 0° for 4 days on a rocking device. Dialysate 
and non-dialysable material (content of bag) were analysed 
for NAHA. An aliquot of the non-dialysable material was 
hydrolysed with 7.4 H HC1 for 10 h at 100° and the 
hydrolysate analysed for hexosamine as described previously'"'.
A considerable proportion of the prosthetic groups 
released by reductive cleavage of the glycosidic-ester 
linkage undergoes further changes on heating in the system 
LiBH^-THP. Thus only 6.2 mg NANA corresponding to 10.3 mg 
prosthetic groups was present in the dialysate instead of a 
theoretical amount of 19.8 mg NAHA corresponding to 32.8 mg
14.
prosthetic group. Losses of the same order of magnitude 
were experienced when a-D-N-acetylneuraminyl (2 6) NAGal
was submitted to the conditions of the assay (see METHODS).
To isolate the N AM containing compound(s) present in 
the dialysate, the latter was first passed through a 
column of Dowex 50-X4 (50-100 mesh; H+ form) to remove 
cations and then through a column of Dowex 1-X2 (50-100 
mesh; formate form). The column was washed with water, 
e3„uted with 0.4 formic acid and the elua.te lyophilized.
The yield was too small for elementary analysis. It was, 
however, ascertained by the orcinol reaction that neuraminic 
acid was present, by the thiobarbituric acid assay‘d  that 
the neuraminic acid was bound and by a positive ELS0N- 
M0RGAN reaction of the eluate from the Dowex I column, 
after heating with N HC1 for 10 h at 100°, that hexosamine 
bound to an acid (neuraminic acid, see below) was present.
Paper chromatography of the lyophilized material showed 
the presence of a-D-N-acetylneuraminyl (2->6) NAGal, NANA- 
chromogen I and NANA-chromogen III; after RDE treatment of 
the material the spots corresponding to these compounds 
disappeared and instead spots corresponding to NAM, NAGal
and the chromogens I and III appeared. The solvent, sprays
%and reference substances used and the R^ values obtained 
were the same as described previously^.
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Prom the data presented in this section and the 
preceding one a balance sheet of NAHA, and galactosamine 
was compiled (Table III).
TABLE III
CARBOHYDRATE BALANCE OP OSM AFTER REDUCTIVE CLEAVAGE 
OP ESTER LINKAGES BY LiBH^_
The figures shown represent the mean values from 3 
experiments, each with 100 mg OSM.
NANA and galacto­
samine content 
before treatment
/unole of each
80.9
NANA and galacto­
samine released 
on reductive 
cleavage &
yu-mole of each
Carbohydrate remaining 
bound within OSM after 
treatment
NANA
y**mole
Galactosamine
yM-mole
64.1 17.4(16.e ) 16.1(16.8**)
&Calculated as equimolar with dicarboxylic acids 
reduced (see Table II).
Calculated as (a-b).
16.
Quantitative determination of NAM remaining linked within 
OSM after alkali treatment.
Since restricted solubility of OSM in THF, even 
after treatment with trypsin and CgH^NCS, could well be 
a factor limiting the exploration of the extent to which 
the prosthetic groups are joined by an ester linkage to 
dicarboxylic acid residues, an independent approach to 
this problem was made. OSM was submitted to mild alkali 
treatment followed by exhaustive dialysis and the bag 
content was then analysed for NANA. By chromatography it 
was found that only traces of amino acids were present 
in the concentrated dialysate after hydrolysis with 6 N 
HC1 at 100° for 24 h. Results of representative 
experiments are given in Table IV.
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TABLE IV
RECOVERY OF BOUND NANA AFTER ALKALI TREATMENT
OF OSM
Conditions of treatment NANA content^ Recovery
jtBefore alkali 
of OSM
After
treatment
pinole juMole
A A0.02 N Ba(OH)p, 80°,4h 33.11 5.66 17.1
0.01 N NaOH, 80°, 4h** 36.41 6.73 18.5
ASince mole per mole NANA and methoxyneuraminic acid15have nearly the same extinction coefficient , 
deacetylation of NANA during alkali treatment will 
not significantly affect the figures.
AA45 mg OSM was dissolved in 5 ml water, pH adjusted 
to about 8*0 and further treated as specified. After 
heating, the solution was ice-cooled, neutralized, 
exhaustively dialysed, and the content of the dialysis 
bag analysed for NANA.
17.
General discussion of results.
Prom the results shown in Table I it is evident that 
concomitant with the release of prosthetic groups on very 
mild alkali treatment acidic groups on OSM are unmasked.
Such acidic groups could be the phenolic hydroxyl group of 
tyrosine, the sulfhydryl group of cysteine and carboxyl 
groups. Since the O-glycosidic linkage involving a phenolic 
hydroxyl group would be resistant’1' to the mild alkali 
treatment applied in the experiments of Table I and since
17alkyl-thioglycosides are stable in alkali , carboxyl 
groups are left as the only source of H+ responsible for 
the drop in pH observed. However, the correction factor 
(see Table I) is relatively large. It contains as parameters 
the analytical data of two amino acids (lysine and tyrosine) 
of OSM as well as the estimate of acetic acid released and 
may have an error of the order of 10$. Further, the effect 
of the negatively charged prosthetic groups on the electric 
potential of acidic groups at the side chains of the amino 
acid residues has been neglected in the calculations. For 
these reasons the quantitative results should not be taken 
as more than indicating qualitative trends, i.e. unmasking 
of carboxyl groups on OSM concomitant with the release of 
prosthetic groups.
The data summarized in Table II confirm and specify the 
above conclusion. The loss of dicarboxylic acid (originally
18.
p r e s e n t )  a f t e r  t r e a t m e n t  o f  OSM w i t h  liBH^ i n  THF can  
o n ly  mean engagement  o f  t h e i r  f r e e  c a r b o x y l  g ro u p  i n  an 
e s t e r  l i n k a g e ,  t h e  r e d u c t i v e  c l e a v a g e  o f  w h ich  c o n v e r t s  
t h e  d i c a r b o x y l i c  i n t o  a  m o n o c a rb o x y l i c  a c i d .  That  i n  f a c t  
t h e  p r o s t h e t i c  g roup  i s  t h e  p a r t n e r  o f  th e  d i c a r b o x y l i c  
a c i d  i n  th e  e s t e r  l i n k a g e  was d e m o n s t r a te d  by i t s  r e l e a s e  
on r e d u c t i v e  c l e a v a g e .  The r e l e a s e d  p r o s t h e t i c  g ro u p ,  
s e p a r a t e d  by d i a l y s i s  f rom t h e  r e s i d u a l  OSM and p u r i f i e d ,  by 
a d s o r p t i o n  t o  an  e l u t i o n  from t h e  a n i o n  exchange  r e s i n  
Dowex I ,  was shown to  be a -D - N - a c e ty ln e u r a m in y l - N A G a l , 
p r e v i o u s l y  i d e n t i f i e d  a s  6 - a - D - N - a c e ty ln e u r a m in y l - N A G a l , 
by c h a r a c t e r i s t i c  c o l o u r  r e a c t i o n s  b e f o r e  and a f t e r  
d e s t r u c t i o n  o f  n e u ra m in ic  a c id  ( w i t h  h o t  m i n e r a l  a c i d )  and 
by i t s  c h ro m a to g r a p h ic  b e h a v i o u r  b e f o r e  and a f t e r  t r e a t m e n t  
w i t h  a - n e u r a m i n i d a s e .  The f a c t  t h a t  i n  a d d i t i o n  t o  t h e  
u n a l t e r e d  p r o s t h e t i c  g ro u p  th e  d i a l y s a t e  c o n t a i n e d  t h e  
p r e v i o u s l y  d e s c r i b e d 1 chromogens I  and I I I  s u b s t i t u t e d  a t  
by N - a c e t y l n e u r a m i n y l  i n d i c a t e s  l o s s  o f  1 and 2 m o le c u l e s  
o f  w a t e r  r e s p e c t i v e l y  from th e  NAGal m o ie ty  o f  t h e  p r o s ­
t h e t i c  g roup  u n d e r  th e  a n h y d ro u s  c o n d i t i o n s  o f  LiBH^ t r e a t ­
m en t .  A p p a r e n t l y  a  p r o p o r t i o n  o f  t h e  r e l e a s e d  p r o s t h e t i c  
g ro u p s  u n d e rg o e s  o t h e r  c h e m ic a l  changes  r e s u l t i n g  f i n a l l y  
i n  a  c l e a v a g e  o f  t h e  a - k e t o s i d i c  l i n k a g e  and r e d u c t i o n  o f  
t h e  n e u r a m in i c  a c i d  t h u s  l i b e r a t e d .  Such a  c h a i n  o f  
r e a c t i o n s  would a c c o u n t  f o r  th e  l o s s  o f  more t h a n  h a l f  o f
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the NANA content of the released prosthetic groups when 
assayed by the orcinol method.
The engagement in the ester linkage of the glycosidic 
OH-group of NAGal is evident from the failure of native OSM 
to reduce Benedict’s reagent.
Por the quantitation of glycosidic-ester linkages the 
LiBH^ method can be applied only after appropriate pre­
treatment of the glycoprotein. Native OSM is practically 
insoluble in THF. Digestion of OSM with trypsin resulted 
in fragments which were somewhat soluble in THP; only 65$ 
of the dicarboxylic acids were recovered after 7 h treatment 
with LiBH^ and 55$ after 10 h. A further improvement of 
the situation was achieved by converting the free amino 
groups of the OSM-trypsin digest into their phenylthio- 
carbamyl derivatives. This operation greatly reduced the 
dipolar ion character of the OSM fragments and introduced 
benzene rings into the molecules, both changes increasing 
the solubility of the products in THP. Depending on the 
period of LiBH. treatment 34$ (after 7 h) and 12$ (after 
10 h) respectively of the total dicarboxylic acids were 
recovered. The apparent increase in reaction rate with 
time most probably results from increased solubility of the 
OSM fragments as the reaction proceeds, due to the gradual 
removal of the bulky and charged prosthetic groups. The 
reduction of 88$ of the dicarboxylic acids indicates
20
linkage of the prosthetic groups both to aspartic and 
glutamic acid residues since OSM contains 4.10$ aspartic 
acid and 6.17$ glutamic acid."
Under the conditions of the LiBH^ treatment applied 
(7 and 10 h respectively) the reductive cleavage of peptide 
bonds will not amount to more than 2-3$ of the total pep­
tide bonds present.4 As pointed out by CRAWHALL AND 
ELLIOTT and by CHIBNALL AND BEES4 the reductive fission 
of endopeptide bonds by LiBH^ is selective. a-Glutamyl 
and a-aspartyl residues in proteins are remarkably 
resistant, as are also the Y-glutamyl residues in the 
oacterial polypeptide from Bacillus subtilis, suggesting 
protection of the peptide bond by the free carboxyl group.
On the other hand, asparagine and glutamine residues are 
susceptible giving rise on subsequent acid hydrolysis to 
y-hydroxy-ß—aminobutyric acid and the valeric acid analogue 
respectively. Applied to OSM it would mean that even if 
reductive cleavage of endopeptide bonds involving sub­
stituted glutamyl and/or aspartyl residues should occur, 96$ 
of the substituents can only be the prosthetic groups, the 
rest being amide. In other words whichever of the two 
carboxyl groups is lost on reductive cleavage, the loss 
reflects esterification of one of them in native OSM.
Reduction by LiBH^ of one of the carboxyl groiips in 88$ 
oi the total dicarboxylic acids would account for the
21
presence of about 80$ of the prosthetic groups in glyco- 
sidic-ester linkage. As 82$ of the total NANA, of OSM 
becomes dialysable after treatment with very mild alkali 
not affecting the a-ketosidic linkage (Table IV), it seems 
likely that a total of 82$ prosthetic groups is joined to 
the protein by a glycosidic-ester linkage. The resistance 
of the remaining 18$ NANA to removal from OSM even on 
prolonged alkali treatment (Table IV) taken together with 
the presence in the residual OSM after LiBH^ treatment of 
equimolecular amounts of NAM and galactosamine (Table III) 
suggests an O-glycosidic linkage of this fraction of 
prosthetic groups to the OH-group of serine and/or 
threonine.
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PAPER 2.
STUDIES ON GLYGOPROTEINS
VII. THE LINKAGE OE THE PROSTHETIC GROUP TO 
ASPARTIC AND GLUTAMIC AOID RESIDUES IN 
BOVINE SUBMAXILLARY GLAND GLYCOPROTEIN
SUMMARY
Treatment of bovine submaxillary glycoprotein with 
LiBH^ in tetrahydrofuran resulted in the reduction of 
approx, 83/ of the total dicarboxylic acid residues and in 
the release of unreduced prosthetic groups previously 
identified as a-D-sialyl( 2 - > 6) N-acetylgalactosamine.
When the acid hydrolysate of LiBH4-treated bovine sub­
maxillary glycoprotein was fractionated according to STEIN 
AND MOORE, fractions containing homoserine and a,S-amino- 
hydroxy-n—valeric acid were obtained. a,$—aminohydroxy—n- 
valeric acid was identified by conversion to proline in acid 
medium; homoserine was identified by comparing its paper- 
chromatographic behaviour with that of authentic homoserine 
and by its resistance to periodate oxidation. Prom these 
data it was concluded that approx. 81/ of the prosthetic 
groups in bovine submaxillary glycoprotein are joined through 
a glycosidic-ester linkage to the ß-carboxyl group of 
aspartyl and the Y~cahboxyl group of glutamyl residues 
respectively. The near completion of the reductive cleavage 
of these ester linkages was also indicated by the release 
of 84/t of the prosthetic groups on alkali treatment of 
bovine submaxillary glycoprotein. The residual prosthetic 
groups are assumed to be linked by an O-glycosidic bond to 
serine and/or threonine. Eomoserine and a, —aminohydroxy—n— 
valeric acid, were synthesized by LiBH4 treatment of ß-methyl 
aspartate and v-methyl glutamate respectively.
1.
INTRODUCTION
It was shown previously1 that the carbohydrate of BSM 
consists of 22#4$ sialic acid'" and an equimolecular amount 
of NAG-al• The very small amounts of other sugars (gluco­
samine, galactose, fucose) present are almost certainly 
the carbohydrate of a glycoprotein contaminating BSM to 
the extent of about 5$. On very mild and short alkali 
treatment of BSM a fraction of the carbohydrate was released 
in a dialysable foim. The carbohydrate liberated was 
isolated and shown to be the disaccharide a-D-sialyl(2 6 )  
NAual• Since the alkali treatment could be repeated with 
the same BSM preparation with the same result several times, 
it was concluded that most likely all sialic acid residues 
in BSM are bound ketosidically to Cg of NAGal (see ref. I). 
Moreover, the release of 76$ of the total sialic acid of 
BSM by neuraminidase3 and the oxidizability of 87/» of NAGal 
of native BSM by periodic acid1 indicated that the isolated 
disaccharide as such was the prosthetic group. The sialic 
acid of BSM consists of 85.5$ NANA and 14.5$ N-glycolyl- 
neuraminic acid.
Non-standard abbreviations: BSM and OSM, bovine and ovine 
submaxillary gland glycoprotein respectively; NANA, N-acetyl- 
neuraminic acid; NA, neuraminic acid; NAGA1, N-acetyl- 
galactosamine; aff—AHVA, a-amino— hydroxy—n-valeric acid; 
THP, tetrahydrofuran; PITC, phenyl-isothiocyanate; RDE, 
crystalline or highly purified a-neuraminidase.
2 .
T rea tm en t o f  OSM w i th  LiBH^ i n  THP r e s u l t e d  i n  th e  
r e d u c t i o n  o f  88$ o f  th e  t o t a l  d i c a r b o x y l i c  a c i d s  con ­
c o m i t a n t ly  w i t h  th e  r e l e a s e  o f  p r o s t h e t i c  g ro u p s  i n d i c a t i n g  
l i n k a g e  of 80$ o f  th e  p r o s t h e t i c  g ro u p s  t h r o u g h  a g l y c o s i d i c -  
e s t e r  l in k a g e  to  the  f r e e  c a rb o x y l  g roups o f  a s p a r t i c  and 
g lu ta m ic  a c id  r e s i d u e s .  T h is  a l k a l i - l a b i l e  e s t e r  bond 
c o n t r a s t e d  w i th  an a l k a l i - s t a b l e  O - g ly c o s id ic  l in k a g e  o f  
a b o u t  18$ o f  th e  p r o s t h e t i c  groups '* .
In  th e  p r e s e n t  p a p e r  e v id e n c e  v a i l  be p r e s e n te d  t h a t  i n  
BSM a b o u t  84$ o f  th e  p r o s t h e t i c  g ro u p s  a r e  bonded i n  an 
a l k a l i - l a b i l e  g l y c o s i d i c - e s t e r  l in k a g e  to  t h e  ß- and Y” 
c a r b o x y l  g ro u p s  r e s p e c t i v e l y  o f  a s p a r t i c  and g lu ta m ic  a c id  
r e s id u e s *  R e d u c t iv e  c le a v a g e  o f  t h i s  l in k a g e  by means of 
LiBH^ fo l lo w e d  by a c i d  h y d r o l y s i s  o f  t h e  r e s i d u a l  p r o t e i n  
r e s u l t e d  i n  th e  f o r m a t io n  o f  hom oserine  and a , S -AHVA. Both  
a c i d s  were i s o l a t e d  p a p e r~ c h ro m a t© g ra p h ic a l ly  and compared 
w i th  a u t h e n t i c  sp ec im en s  o f  th e  compounds. a , $ -AHVA was 
c o n v e r te d  to  p r o l i n e .  A s im p le  s y n t h e s i s  o f  h o m o se r in e  and 
a ,  -AHVA w i l l  be d e s c r i b e d .
I t  sh o u ld  be m en tio n ed  t h a t  LiBH^ t r e a tm e n t  does n o t  
re d u c e  t h e  f r e e  c a rb o x y l  g ro u p s  o f  a s p a r t y l  and g lu ta m y l
p p
r e s i d u e s  i n  p r o t e i n s .  Thus CHIBNALL e t  a l . " found t h a t  
b a c t e r i a l  p o l y - y - g lu t a m i c  a c i d ,  p r e t r e a t e d  w i th  LiOH and 
p r e c i p i t a t e d  w i th  m e th a n o l  i n  th e  p re s e n c e  o f  L iC l t o  a id  
d i s p e r s i o n  i n  THP, y i e ld e d  3 .6 $  Y~ami no‘~S - h y d r o x y - v a l e r i c  
a c id  on r e f l u x i n g  w i th  0.33M LiBH^ i n  THP f o r  6 h .  We have
3performed a similar experiment with poly-a-glutamic acid 
under the conditions of LiBH^ used in this and the previous 
paper"“ (10h. refluxing time). The LiBH^-treated peptide 
yielded on hydrolysis 3.4/ less glutamic acid than did a 
control similarly treated, but omitting refluxing with LiBH^ 
in THF.
EXPERIMENTAL
Materials.
Absolute methanol, methanolic HG1, THE, lithium boro- 
hydride and the phenylester of isothiocyanic acid were 
prepared and purified respectively as described previously4.
Hydriodic acid (constant boiling point mixture, sp. gr. 
1.7) was redistilled (b.p. 126°) before use.
Trypsin, twice recrystallized, was obtained as 
previously.4
Crystalline neuraminidase (from Vibrio cholerae) was 
kindly supplied by Dr. G. Ada, Walter and Eliza Hall 
Institute, Melbourne.
Cellulose casings for dialysis were obtained as 
previously."
Resins used were Dowex 50-X4 (50-100 mesh) and Dowex 
1-X2 (50-100 mesh) unless stated otherwise.
For paper partition chromatography the following solvent 
systems were used: (a) n-Butanol-pyridine-water (6:4:3, v/v);
(b) n-butanol-acetic acid-water (4:1:5, v/v); (c) ethyl
4.
methyl ketone-pyridine-water (12:3:5, v/v); (d) s-collidine
saturated with water; (e) phenol-ammonia, prepared by adding 
80 ml of 0.1$ ammonia to 170 g of solid phenol; (f) phenol 
saturated with 10$ sodium citrate and (g) tert. butanol- 
methyl ethyl ketone-water-diethylamine (10:10:5:1). Reagent 
(a) was purified according to PARTRIDGE^. The sprays were 
those used previously^. The isatin spray was prepared 
according to ACHSR, FR0MAGE0T AND JUTISZ6.
Preparation of BSM: 1 kg of fresh bovine submaxillary
glands were freed from fat, connective tissue and other 
glands, cut into cherry-size pieces, washed on a Buchner 
funnel, covered with an equal weight of water (saturated 
with toluene) and allowed to stand overnight at 0°. After 
removal of the liquid the cut glands were passed through a 
coarse meat mincer and extracted 3 times at 30-min intervals 
with an equal weight of water at 0°. These extracts v/ere 
discarded to avoid contamination of the final product with 
blood. The well washed glandular material was then extracted 
4 times with an equal weight of water (saturated with toluene) 
at 0° first for 24 h, then 3 times for 48 h with occasional 
stirring. The first extract, still containing haemoglobin, 
was discarded. The other extracts were centrifuged at 5000 
X g for 20 min at 0°, the supernatant adjusted to pH 4 with 
acetic acid and the resulting precipitate removed by 
centrifugation (5000 X g for 20 min at 0°). The supernatant
5was neutralized (pH 6) with, dilute sodium hydroxide solution 
and dialysed against two changes of excess distilled water 
in the presence of toluene at 0°. The bag content was passed 
through a Seitz filter pad (Horman-Ekwip grade Dj) and made 
0*1 M with respect to barium acetate. To this solution 
methanol, precooled to -40°, was added dropwise with stirring 
to give an alcohol concentration of 64$ (v/v). The 
precipitate which formed was recovered by centrifugation 
(2500 X g for 15 min at 0°), dissolved in 0.1 M solution of 
EDTA (disodium salt) and dialysed at 0° against several 
changes of distilled water. The content of the dialysing 
bag was finally centrifuged at 1250 X g for 30 min and 
lyophilized. All weights given for BSM are corrected for 
moisture and a small ash content.
METHODS
The analytical methods and apparatus used were essentially 
the same as in a previous paper4.
The standard procedure for LiBH treatment of BSM4
consisted of the following steps: 25 mg BSM was digested
with trypsin and the digest, after dialysis and concentration 
to dryness, treated with PITC. The resulting mixture, after 
extraction with benzene, was dried in vacuo, refluxed in 
0.3 M LiBH^ in TKF, the excess reagent decomposed and the 
solvent removed in vacuo. The individual steps were carried
out as described previously4.
67Free NANA was determined according to WARREN .
Hexosamine was estimated according to RONDIE AND
Q
MORGAN ; values are given as free base.
Non-amino sugars were determined according to 
GOTTSCHALK AND ADA9.
Isolation and quantitation of the dicarboxylic acids 
of native BSM and of LiBH^-treated BSM were performed as 
previously^. The ratio aspartic acid/glutamic acid was 
estimated on paper chromatograms by the serial dilution
9technique" .
Ammonia liberated from BSM (before and after RDE treat­
ment) by 1 N HC1 in a sealed tube at 100° for specified 
times was determined by the micro diffusion method of CONWAY 
AND O’MALLEY^. D-Glucosamine and D-galactosamine submitted 
to the micro diffusion method did not release any appreciable 
amounts of ammonia.
Standard conditions for RDE treatment of substrates 
were pH 6.0, 0.01 M CaClp, 35° and 20 h.
Fractionation of the acid hydrolysate of LiBH^-treated 
BSM by column chromatography: Dowex 50 W X 8 (240-400 mesh)
was packed in 4-cm zones into a column (50 cm X 1 cm), 
surrounded by a water-jacket to maintain a temperature of 
about 18°, as described by CHIBNALL et al.~^  The column 
was used in the hydrogen form. A sample of BSM was submitted 
to the standard LiBH^ treatment, then hydrolysed with 6N HC1
7.
at 105° for 24 h and dried in vacuo. The dry material was 
dissolved in 1 ml 1 N HG1 and washed into the column with 
four 1—ml portions of 1 N HC1. The column was eluted with 
1 N HC1 (STEIN AND MOORE12) and 100 fractions (2*5 ml each) 
were collected. Aliquots of the fractions, after con­
centration to an appropriate volume, were paper-chromato­
graphed together with serine, threonine, aspartic and glutamic 
acids, glycine, alanine, homoserine and a,$ -AHVA as 
reference substances.
Treatment of a, $ -AHVA with hydriodic acid: A sample
of the compound was heated in 2 ml hydriodic acid in a sealed 
tube at 125° for 24 h, diluted with water to 15 ml volume 
and applied on Dowex 50 (hydrogen foim). The column, after 
rinsing with water, was eluted with 2 N ammonia and the 
eluate concentrated to dryness.
Periodate treatment: The material was dissolved in a
tenfold excess of 0.1 M sodium periodate, the pH adjusted 
to 6.0 and the mixture kept in the dark for 3'h at room 
temperature. The excess reagent was reduced with ethylene 
glycol and the mixture examined on paper chromatograms. 
Synthesis of homoserine.
ß-Methyl aspartate hydrochloride was prepared according 
13to COLEMAN c'. By treatment with Dowex I (acetate foim) in 
a column some residual aspartic acid was removed and the 
ester hydrochloride was converted to the free ester.
8Analysis: C, 40.53; H, 6.13; N, 9.42; OCH^, 21.08.
Gale, for CgHgO^N: C, 40.82; H, 6.17; N, 9.52; OCH^,
21.09$. 147 mg of methyl aspartate was placed in the 
4apparatus for LiBH^ treatment. An eightfold molar excess 
of LiBH^_ in dry THF (20 ml) was added and the mixture was 
refluxed for 4 h with stirring. After cooling 2.5 ml. of 
5 N methanolic hydrochloric acid was added to decompose 
excess reagent and stirring continued for 1 h. After removal 
of the solvent by vacuum distillation the residue was 
dissolved in 80 ml distilled water, applied on a Dowex 50 
(hydrogen form) column (15 cm X 1.3 cm) and the column 
washed until free of chloride and borate. The compound was 
eluted with 2 N ammonia and the eluate concentrated in vacuo. 
The resulting syrup was triturated with absolute ethanol and 
allowed to stand overnight. After centrifugation and 
removal of the supernatant the compound was crystallized 
from 90$ ethanol. M.p. 184-186° (corr. ). For the same 
compound prepared by the method of ARMSTRONG14 a m.p. of 
186-187° was given. Analysis: G, 39.80; H, 7.40. Calc,
for C^HgO^N; C, 40.33; H, 7.61$. When run in three 
different solvents paper-chromatographically, the crystalline 
material gave a single spot with ninhydrin.
Synthesis of q-amino-S -hydroxy-n-valeric acid.
y-Methyl glutamate hydrochloride was prepared according 
to K0VACS10. Analysis: C, 36.25; H, 6.06; OCH,, 15.66,
ASC DESC ASC DESC
F i g .  1 .  E l e c t r o p h o r e t i c  p a t t e r n s  o f  BSM 
a t  s p e c i f i e d  t im e  i n t e r v a l s  i n  
p h o sp h a te  b u f f e r s :  
pH 7 . 3 ,  l e f t ;  pH 1 0 . 0 ,  r i g h t .
9C a l c ,  f o r  C g H - ^ N .  HCl: C, 3 6 .4 6 ;  H, 6 . 1 2 ;  OCH^, 1 5 .7 0  
1 9 7 .5  mg cf t h e  e s t e r  h y d r o c h l o r i d e  was s u b m i t t e d  t o  t h e  
t r e a t m e n t  d e s c r i b e d  i n  t h e  p r e c e d i n g  p a r a g r a p h .  
C r y s t a l l i z a t i o n  from 90$ e t h a n o l  y i e l d e d  m a t e r i a l  w i th  
m .p .  218-220°  ( c o r r . ) .  The compound p r e p a r e d  a c c o r d i n g  
t o  SOEE-NSEN's method '5"6 had a m .p .  of  223-224° ( c o r r . ) .  
A n a l y s i s :  C, 4 4 .7 1 ;  H, 8 . 1 6 ;  N, 9 . 9 3 .  C a lc ,  f o r  
C5H1 1°3N: C’ 4 5 *1 0 » H> 8 . 3 3 ;  N, 1 0 .5 2 $ .  On p a p e r -  
c h r o m a to g r a p h ic  s t a n d a r d  th e  compound was homogeneous.
I
RESULTS
E l e c t r o p h o r e t i c  e x a m in a t io n  o f  BSM.
E l e c t r o p h o r e t i c  d a t a  f o r  BSM a r e  shown i n  E ig .  1 and 
Table  I .  The m easu rem en ts  were c a r r i e d  ou t  a t  pH v a l u e s  
f a r  away from t h e  i s o e l e c t r i c  p o i n t  o f  BSM (pH 3 . 4 ) .
Both  a s c e n d i n g  and d e s c e n d in g  p a t t e r n s  show o n ly  s i n g l e  
p e a k s .  There  may be some s h a r p e n i n g  o f  t h e  a s c e n d i n g
b o u n d a r i e s .
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TABLE I
ELECTROPHORETIC MOBILITY DATA EOR BSM (l# w/v) AT 4°.
pH Buffer I Voltagegradient
v / c m
Current
mA
Mot
(x io-f
jility5cmVV. sec)
7.3 phosphate 0.1 4.1 18.5 - 7.6
8.6 veronal 0.1 7.7 10.0 - 00 • ro
10.0 phosphate 0.1 5.8 13.0 - 9.6
Analytical data on BSM.
Some relevant analytical data are summarized in 
Table II. For the amide determination 30 mg BSM was 
treated with 60 000 units RDE and then dialysed 
exhaustively.
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TABLE I I
RELEVANT ANALYTICAL DATA FOR BSM.
yumole/lOOmg 
d ry  BSM Ä
S i a l i c  a c i d
(85.5% NANA; 14.5% N - g l y c o l y l  NA) 7 9 .9 5  + 0 . 5 2
Hexosamine
( r a t i o  g a l a c t o s a m i n e  : g lu co sam in e=  6 :1 ) 9 0 . 4  + 2 .8
T o t a l  d i c a r b o x y l i c  a c i d s
( r a t i o  g l u t a m i c  a c id  : a s p a r t i c  a c id =  2 . 5 : 1 ) 7 7 .8 8  + 0 .6 1
D i c a r b o x y l i c  a c i d s  i n  amide form 7 .7 9
mg/100 mg 
d ry  BSM
T o t a l  n i t r o g e n 1 0 .9
Amide n i t r o g e n 0 . 1 1
t r
C o r r e c t e d  f o r  w a t e r  and a s h  c o n t e n t  o f  l y o p h i l i z e d  
BSM; t h i s  c o r r e c t i o n  was n o t  a p p l i e d  i n  t h e  p r e v i o u s  
p a p e r^  on BSM,
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Aliquots of 5 mg RDE-treated BSM (weight referring to BSM
before treatment) and samples of 5 mg native BSM, each
aliquot and sample contained in 1*0 ml water and made
normal with respect to hydrochloric acid, were heated for
20, 30, 60, 120 and 240 min respectively at 100° in a
sealed tube. After cooling the hydrolysates were analysed
for NEU» Since RDE released only 70$ of the total sialic
acid, the NH^ values of the RDE-treated BSM aliquots were
corrected for the remaining 30$ sialic acid. As in a 
17previous paper linear regressions were fitted to the
experimental figures by the method of least squares and
estimates made of the intercept with the ordinate (abscissa:
time of acid hydrolysis; ordinate NH^-N in percent of
total N). The BSM curve extrapolated to 6*09, the RDE-BSM
curve to 1*05. The slope of the latter curve was +0.2562/h
and the slope of the BSM curve was not significantly
different from this value at the 5$ level of probability.
Quantitation of the prosthetic groups .joined through an 
alkali-labile linkage to the protein.
100 mg BSM, dissolved in 10 ml 0.01 N NaOH, was heated 
at 80° for 4 h, the pH being maintained at 12 by dropwise 
addition of 1 N NaOH when necessary. After cooling and 
adjusting the pH to 7.0, the mixture was dialysed against 
10 volumes of water (saturated with toluene) at 0° for 60 h 
on a rocking device. The bag content and a control
12
solution of native BSM were analysed for sialic acid 
(after appropriate dilution) and for hexosamine (after 
hydrolysis with 7.4 N HC1 at 100° for 10 h). Recovery: 
12*24^moles NANA and 11*67 >amoles hexosamine from 100 mg 
alkali-treated BSM as compared with 80.15/*- mol es NANA and 
8 9.10/*■ moles hexosamine present in 100 mg native BSM, i.e. 
15.3# sialic acid and an approximately equimolecular 
quantity of hexosamine resisted alkali treatment.
The concentrated dialysate was chromatographed on
paper before and after acid hydrolysis (6 N HC1, 100°,
24 h). Before hydrolysis two peptides and pyrrole-2-carb- 
1 8oxylic acid were located; after hydrolysis three weak 
ninhydrin positive spots were seen, one of them in 2 
solvent systems coinciding with aspartic acid. A quanti­
tative estimate of the amino acids located on the paper 
chromatogram of the hydrolysed material indicated that less 
than 0.5# of the protein of BSM was rendered dialysable 
by the alkali treatment.
20 mg BSM was dissolved in 10 ml water and the pH 
adjusted to 9.0 with baryta. After the addition of solid 
Ba(0H)o*8Hn0 to give a final concentration of 0.1 N 
Ba(0H)g, the solution was heated for 4 h at 100°. The 
reaction mixture was cooled, the pH shifted to 5.0 with 
0.2 N HgSO^, the precipitate removed by centrifugation and 
washed several times. The pooled supernatant and washings 
were analysed for sialic acid. Recovery: 13.10 umoles
13
NANA/lOO mg alkali-treated BSM; control as in the previous 
experiment, i.e. 16.3% of the total sialic acid resisted 
the alkali treatment,
A concentrated aliquot of the pooled material was
chromatographed on paper. There was no indication for
the presence of free sialyl ( 2-> 6) NAGal, sialyl (2—^6)
chromogen I or sialyl (2->6) chromogen III (see GRAHAM AND
GOTTSCHALK^), indicating complete destruction by alkali of
the released prosthetic groups. Again there was evidence
for the presence of pyrrole-2-carboxylic acid.
Effect of LiBH^ treatment of BSM on the recovery of di- 
carboxylic acids.
25-mg samples of BSM were submitted for specified 
times to the standard treatment with LiBH^. Table III 
summarizes the results. It may be mentioned that the total 
dicarboxylic acid content of the native BSM and that of 
its trypsin digest after exhaustive dialysis were the 
same within the limits of the error of the method 
indicating no appreciable loss during dialysis. In one 
experiment the material recovered after LiBH^ treatment 
for 10 h was treated again with LiBH^ for 5 h. The second 
treatment did not result in further reduction of the 
residual dicarboxylic acids, suggesting completion or 
near completion of the reaction.
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TABLE III
RECOVERY OP DICARBOXYLIC ACIDS AFTER TREATMENT OP
BSM WITH LiBH4.
Time of 
heating 
with 
LiBH4
Total dicarboxylic acids 
per 100 mg dry BSM
Reduced dicarboxylic 
acids in % of alkali- 
■ labile bpund prosthetic 
groupsrecovered* reduced *
(h) Oumole) (yuinole)
6 34.31 43.57 64.8
6 29.79 48.09 71.5
10 13.82 64.06 95.2
10 13.98 63.90 95.0
10 13.52 64.36 95.7
12 12.57 65.31 97.1
12 13.03 64.85 96.4
10)$
5)§
13.37 64.51 95.9
12.98 64.90 96.5
"^Corrected for the contribution from crystalline trypsin 
containing 1.22y0.mole dicarboxylic acids/mg.
^Reduced dicarboxylic acids = total dicarboxylic acids 
minus recovered dicarboxylic acids,
^^Alkali-labile bound prosthetic groups = 67.28 mole/ 
100 mg dry BSM (average value).
§ Two subsequent treatments of same material (see text).
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Isolation and identification of the prosthetic group 
released from BSM on LiBH^ treatment.
25 mg BSM was submitted to the standard LiBH^ treatment 
(10 h refluxing time)* The reaction products were 
dissolved in 15 ml water and the mixture, after adjustment 
of the pH to 6*0, was dialysed against 10 volumes of 
distilled water (saturated with toluene) for 72 h at 0° on 
a rocking device. The dialysate was applied successively 
to Dowex 50 (hydrogen form) and Dowex I (fornate form) 
columns. After washing, the N A M  containing compounds 
were eluted from the Dowex I column with 0*4 N formic acid; 
the eluate was concentrated in vacuo to dryness for further 
analysis. N A M  content: 16.0yu,moles instead of 64.55
j*-moles to be expected from the average value of reduced 
dicarboxylic acids, i.e. a recovery of 24.8$. All NANA 
present in the dialysate was bound as shown by a negative 
Warren test. The positive Elson-Morgan reaction (for
oreaction mechanism see GOTTSCHALK*'), after heating a sample 
of the dried material with 1 N HC1 for 10 h at 100°, 
indicated the presence of hexosamine bound to an acid 
(sialic acid, see next paragraph) since the compounds were 
eluted from an anion exchange resin.
Paper chromatography of the material revealed the 
presence of a-D-N-acetyl-neuraminyl (2-* 6) NAGal, N-acetyl- 
neuraminyl (2-*-6) chromogen I and N-acetylneuraminyl
16
3(2 6) chromogen III (for details see previous paper ).
After treatment with RDE these compounds disappeared; 
instead free NAM., NAGal, chromogen I and chromogen III 
were located on the paper strips.
When 20 mg a-D-N-acetylneuraminyl (2->6) NAGal, 
prepared from OSM, was submitted to LiBH^ _ treatment for 5 
and 10 h respectively, followed by column treatment as 
above, 42.7 and 35.2$ respectively were recovered. Paper 
chromatograms of the recovered material before and after 
RDE treatment disclosed the presence of the same compounds 
as found on the chromatograms described in the preceding 
paragraph.
To explore further the cause for the relatively low 
recovery of the prosthetic group after LiBH^ treatment, 
sucrose was submitted to the standard LiBH^ _ treatment for 
5 h and then applied to Dowex 50 and Dowex I columns as 
above. The recovery from 20 mg sucrose was 2 mg sucrose, 
4.8 mg glucose and 4 mg fructose, i.e. 51.8$ . In the 
control experiment with 20 mg sucrose, omitting only the 
refluxing with LiBH4 , the recovery was 100$ (3 mg as 
sucrose, the remainder as glucose and fructose).
Submitting sucrose separately to the individual steps 
following refluxing with LiBH^, it was found on chromato­
graphic analysis that the formation of glucose and fructose 
resulted from methanolysis of sucrose (in the decomposition
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step of the standard method), followed by hydrolysis when 
the HC1 containing residue was dissolved in water.
Residual NANA and hexosamine of LiBth-treated BSM.
LiBHz.-treated BSM, after removal of the dialysable 
material (see preceding section), was analysed for sialic 
acid and hexosamine under the same conditions as the non- 
dialysable material after treatment with 0.01 N NaOH (see 
above). Pound: residual NANA, 12.61/*moles/lOO mg LiBH^-
treated BSM; residual hexosamine, 12.32/*-mole s/lOO mg 
LiBH.^-treated BSM, i.e. about 15.8$ residual NANA and a 
nearly equimolar quantity of hexosamine.
Isolation of q,S -AHVA and homoserine from LiBH^--treated BSM.
Prom the paper chromatograms of the collected 100 
fractions (see METHODS) it was seen that the amino acids 
were eluted in the sequence: aspartic acid, serine,
threonine, homoserine, a,S -AHVA, glycine, alanine in 
agreement with STEIN AND M00HE12 and CHIBNADL et al.11 
There was no indication for the presence of glutamic acid. 
Homoserine and a,S -AHVA were found in 22 successive tubes; 
some homoserine fractions contained small amounts of 
glycine, some a ,S -AHVA fractions small amounts of alanine. 
In some fractions there was also some overlapping of homo­
serine and a, S-AHVA. Practions containing homoserine 
and/or a,S -AHVA but free from glycine and alanine were 
pooled and concentrated to dryness for further characteri­
zation. One aliquot containing only a, S -AHVA was dried
IS.
separately.
Identification of a,8 -AHVA and homoserine.
The sample containing only the compound coinciding 
in Rp value with authentic a,S -AHVA was run in another 
three solvent systems with the same result. When one of 
two equal aliquots of the sample was treated with 
periodate and compared paper chromatographically with the 
untreated aliquot, no difference in the colour intensities 
of the two ninhydrin reacting spots was detected.
On treatment of the sample with hydriodic acid (see 
METHODS) proline was obtained, identified (a) paper 
chromatographically by the coincidence of its Rp values 
with those of authentic DL-proline in three solvent systems;
(b) by its characteristic blue colour reaction with isatin;
(c) by the stability of the blue colour towards 1 N HCl'*" , 
and (d) spectrophotometrically15 by the identity of the 
absorption spectra between 550 and 650 m(maximum at 
610mA*. ) of the coloured compounds formed from authentic 
proline and the sample with isatin.
Since homoserine in milligram quantities cannot be 
converted to a characteristic derivative, evidence for its 
presence in the pooled fractions rests on its paper 
chromatographic coincidence with authentic homoserine in 
different solvent systems and on its resistance to 
periodate oxidation. There was no additional spot on the
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paper chromatograms indicating the presence of a-amino-y- 
butyrolactone. Treatment of the fraction with alkali (0,1 
M phosphate, pH 11.0, 100°, 5 min) did not change its 
chromatographic behaviour.
DISCUSSION
From the data presented it is evident that treatment 
of BSM with LiBH^ effects the reduction of about 83$ of the 
dicarboxylic acids in an ester linkage with the reducing 
carbon atom of the prosthetic group. Application of the 
acid hydrolysate of the LiBH^-treated BSM on a Moore and 
Stein column and elution with 1 N HC1 led to the emergence 
of two amino acids closely following threonine which paper 
chromatographically in four different solvent systems proved 
indistinguishable from synthetic a-amino-y-hydroxy-butyric 
acid and a-amino-Shydroxy-valeric acid. By their resistance 
to periodate oxidation they could be differentiated from 
ß-amino-y-hydroxy-butyric acid and y-amino-a-hydroxy-valeric 
acid respectively, found in this position by CHIBNALL et ali 
in their studies on the amide and C-tenriinal residues in 
proteins. There was no indication for the presence of the 
latter two amino-hydroxy-carboxylic acids in LiBH^-treated 
BSM.
Unambiguous proof for the identification of a,S-AHYA 
was obtained by its conversion to proline on treatment with 
HI. This conversion is best visualized as resulting from
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the cyclization of the small portion of uncharged I-GH^-CHc- 
GHo-GH(Mg)-C00H (in equilibrium with the charged species) 
when the non-protonated N shares its lone pair of electrons 
with the$-carbon atom; simultaneously I“ is eliminated.
The formation of proline from a-S-AHVA by acid treatment 
was first described by SORENSEIT" . The identification of 
homoserine rests only on paper chromatographic evidence and 
on its resistance to periodate oxidation. However, the 
position of this compound next to a,S-AHVA on the Moore and 
Stein column and the fact that more dicarboxylic acids are 
reduced on LiBH^ treatment of BSM than can be accounted for 
by its total glutamic acid content leave little doubt on the 
identity of the compound with homoserine. It may be 
mentioned that efforts to reduce a,S-AHVA and homoserine to 
norvaline and a-amino-butyric acid respectively by heating 
in a mixture of HI and red P at 125° for 6 h failed. It 
would thus appear that the long known reduction of serine 
to alanine by such treatment is exceptional amongst the 
a-amino-hydroxy-carboxylic acids and probably related to the 
ease with which ß-iodo-propionic acid loses I".
The above results allow the ß-carboxyl of aspartyl and 
the v-carboxyl glutamyl to be designated as the groups 
engaged in ester formation (see Pig. 2). The absence of 
glutamic acid in the hydrolysate of LiBH4-treated BSM would 
suggest that practically all glutamic acid residues are
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i n v o l v e d  i n  e s t e r  f o i m a t i o n .
The r e l e a s e  o f  t h e  p r o s t h e t i c  group w i t h  an u n a l t e r e d  
r e d u c i n g  end c o n c o m i t a n t l y  w i th  t h e  r e d u c t i o n  o f  th e  e s t e r  
g ro u p  i s  i n  a c c o rd a n c e  w i th  th e  g e n e r a l  scheme o f  LiBH^
H  O Reductive cleavage 
I by LiBH4
F i g .  2 . Diagram showing t h e  p r o s t h e t i c  group 
bound t o  a d i c a r b o x y l i c  a c i d  r e s i d u e  
( a s p a r t y l ,  n  = 1 ;  g l u t a m y l ,  n = 2 ) 
i n  BSM and t h e  l i n k a g e s  s u s c e p t i b l e  to  
RDE and LiBE^ t r e a t m e n t  r e s p e c t i v e l y .
2 2 .
a c t i o n  on e s t e r s  ( P i g .  3 ) .  As w i t h  OSM ( s e e  r e f .  4)  t h e  
r e c o v e r y  of  t h e  p r o s t h e t i c  g roups  a s  s i a l y l  ( 2 —>6) NAGal 
and i t s  anhydro  d e r i v a t i v e s  s i a l y l  ( 2 —> 6 ) chromogen I  and 
s i a l y l  ( 2 —*6)  chromogen I I I  i s  low ( a b o u t  2 5 $ ) ;  so i s  t h e  
r e c o v e r y  from s i a l y l  ( 2 —>6)  NAGal when s u b m i t t e d  on i t s  
own to  t h e  s t a n d a r d  LIBH^ t r e a t m e n t .  On s i m i l a r  t r e a t m e n t  
w i t h  LiBH^ s u c r o s e ,  l i k e  s i a l y l  ( 2 —>6) ITAGal an e a s i l y
H H
M---- C ------C —
I
Z
I 1
-O
I 1 n-o
m i M i n
i
O -C —  O —  R
o•f
-*• LiBH4 -----► Li ^ 9
O C - O  —  R 
1
c h 2
ml Ml
1
N  C---- C - - -
H H q
- - - N ----C ------ c - - -
H H 6
IMCI I  3CWjOH
CMjOH
LiCI ♦ B(oCM,j, + 2ROH + 2 (ch^
■ "M —  C  C
H H «
B ig .  3 .  G e n e ra l  scheme o f  t h e  i n t e r m e d i a t e
formed from t h e  a c t i o n  o f  LiBH^ on t h e  
g l y c o s i d i c - e s t e r  s t r u c t u r e  shown on 
Big.  2 and t h e  d e c o m p o s i t i o n  o f  +he 
i n t e r m e d i a t e  s u b s e q u e n t  t o  LiBH^ t r e a t m e n t .  
ROH = p r o s t h e t i c  g r o u p .
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hydrolysable ketoside, was recovered in 52$ yield including 
glucose and fructose formed from sucrose in the steps 
following heating with LiBH^ in THF. Apparently LiBH^ 
reduces ketosides by a mechanism not yet understood. The 
rate of this reaction is, however, lower than that of LiBHA 
action on esters.
The near completion of the reductive cleavage of the
glycosidic-ester linkages is demonstrated by the finding
that alkaline hydrolysis of these linkages removes almost
the same number of prosthetic groups as does LiBH^,. In
both cases about 16$ of the total sialic acid and an equi-
molecular amount of hexosamine remain bound to the protein.
The molar ratio 1:1 of the sialic acid and hexosamine
residues resistant to LiBH^ and alkaline treatments would
suggest that these residues are interlinked in a manner
similar to that of the bulk of the prosthetic groups. As
21pointed out previously , it is likely that this small 
portion of prosthetic groups is linked O-glycosidically to 
serine and/or threonine.
In contrast to ß-amino-Y“kydroxy-n--butyric acid the 
isomeric homoserine has little or no tendency to form a 
lactone. This lack of lactone formation is closely related 
to the property of aspartic acid to resist esterification 
of the a-carboxyl under mild conditions. In both cases the 
positive charge on the -NIL* group renders difficult the
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protonation of the a-carbonyl oxygen, the step initiating 
lactone as well as ester formation. Already in 1902 
FISCHER AND 1EUCHSP0 described the difficulty of preparing 
the free lactone of a-amino-Y-kyöroxy”valeric acid.
The results of this paper on BSM and of a previous one 
on OSM (see ref. 4) exemplify the usefulness of the LiBE^ 
method, for the qualitative and quantitative determination 
of glycosidic-ester linkages in mucoproteins. After LiBH^ _ 
treatment the reaction mixture may be assayed in different 
ways* The most reliable essay for the presence of such a 
linkage is the loss of recoverable dicarboxylic acids after 
treatment of the mucoprotein with LiBH^. Since the di­
carboxylic acid content of a protein can be exactly and 
conveniently determined by adsorption to and elution from 
a Dowex I column (fomate form), this assay gives also a 
quantitative measure of the extent of esterification. It
is desirable to fractionate the acid hydrolysate of the
12LiBH^-treated material according to STEIN AMD MOORE and 
to isolate and identify the reduced dicarboxylic acids.
This procedure gives valuable information with regard to 
the position of the reduced carboxyl groups (a or ß in 
aspartyl, a or y in glutamyl) and provides an estimate of 
the relative proportion of the esterified aspartyl and 
glutamyl residues. The conversion by HI of a,S-AHVA to 
proline proves unequivocally its identity. Treatment with
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periodate differentiates the non-oxidizable homoserine and 
a,$-AEVA from their oxidizable isomers ß-amino-Y-hydroxy- 
butyric acid and -8-hydroxy-valeric acid. The assay
for the released carbohydrates is qualitatively important, 
quantitatively unsatisfactory, at least for the sialic acid 
containing disaccharides met as prosthetic groups in BSM 
and OSM,
Concerning the amide determination in sialic acid con­
taining mucoproteins the results of this paper confirm the 
earlier experience that it is essential to determine the 
NHg liberated from the mucoprotein by 1 N HC1 at various 
time intervals before and after removal of sialic acid by 
purified neuraminidase. The time curve after REE treatment 
can be corrected for the derived from any sialic acid
not removed by REE, provided that after such correction the 
slopes of the BSM curve and the RDE-BSM curve (NEL-N released
O
versus time) do not differ significantly. The intercept 
of the RDE-BSM curve with the ordinate is a reliable 
measure of the amide-N,
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ADDENDUM
. . A PREPARATION OE HOMOSERIES AND a.g-AHVA
In the course of synthesizing homoserine and 
a,£-AHVA, standards for identification of reduced di- 
carboxylic acids in Paper 2, two observations were made 
during chromatography which were irrelevant to the main 
conclusions of the paper.
Firstly, the ß- and Y~me^yl esters of aspartic acid 
and glutamic acid respectively, intermediates in the 
preparation of these compounds, were found to differ in 
their colour reactions with ninhydrin. Whilst the latter 
gave the normal purple-blue colour, the former gave a 
yellow product, which on being left overnight or by 
prolonged heating, turned grey-green. It was suggested 
to us by Dr. J.W. Cornforth, that the intermediate 
compound (la) during reaction of ß-methyl aspartic acid 
with ninhydrin has a methylene group suitably placed for 
an internal Knorr type of condensation to occur, yielding 
a polycyclic pyrrole (II), in preference to normal 
Strecker degradation (oxidative deamination) which leads 
to Euhemann’s Purple (III).
2o o o
( IV)  ( I I I )
The i n t e r m e d i a t e  ( l b )  formed w i th  n i n h y d r i n  by ^ m e t h y l  
g l u t a m i c  ac id  does  n o t  have a m e th y len e  g roup  
s u f f i c i e n t l y  a c t i v a t e d  f o r  such  a r e a c t i o n  to  be 
p r e f e r r e d ♦
Johnson  and McCaldin^ r e a c h e d  s i m i l a r  c o n c l u s i o n s
i n  s t u d y i n g  th e  y e l lo w  compounds which  g ly c in a m id e  and
a l a n in a m id e  form w i th  n i n h y d r i n .  They i s o l a t e d  and
i d e n t i f i e d  th e  r e s p e c t i v e ,  y e l l o w  p o l y c y c l i c  p r o d u c t s .
G ly c in e  m e th y l  e s t e r  a l s o  y i e l d s  a  y e l l o w  compound 
2
w i t h  n i n h y d r i n .  H e re ,  p r e s u m a b ly ,  t h e  p r o d u c t  o f  t h e  
c o n d e n s a t i o n  r e a c t i o n  h a s  an a z a p y ro n e  s t r u c t u r e  ( I V ) .
The second o b s e r v a t i o n  c o n c e rn s  t h e  f r e e  a s p a r t i c  
a c i d  ( 5 - 7 f o )  which i n v a r i a b l y  was found i n  ß -m e th y l
3aspartic acid hydrochloride prepared according to
Coleman,' The content was not lowered hy varying the
reaction conditions. By contrast, Y“"me^^yl glutamic
acid hydrochloride was shown chromatographically to be
free of glutamic acid. Aspartic acid probably arises
from intramolecular nucleophilic attack on the ester
group by the nearby carboxyl anion, a reaction much less
marked in Y~methyl glutamate where the distance between
these groups is greater. In the homologues, phenyl acid
succinate and phenyl acid glutarate, for instance, this
intramolecular hydrolysis is 120-200 times as fast with
4the succinates as with the glutarates . Similarly,
selective peptide cleavage occurs more readily at aspartyl
5 6than at glutamyl residues in a peptide chain/' 1
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PAPER 3
STUDIES ON GLYCOPROTEINS
ON THE SUSCEPTIBILITY TO ALKALI AND TO 
HYDROXYLAMINE OP THE CARBOHYDRATE-PROTEIN 
LINKAGE OP OVINE SUBMAXILLARY GLAND
GLYCOPROTEIN
SUMMARY
Treatment of OSM with 0.2N NaOH at 100° rapidly 
released about 90^ > of the carbohydrate prosthetic 
groups. This finding, together with previous results, 
shows that about 90°/o of the carbohydrate-protein 
linkages in OSM are of the glycosidic-ester type. The 
carbohydrate-protein linkages of OSM were cleaved by 
NHgOH at pH 12 and 37° (k = 2.3 x 10-3 min-1); these 
conditions of alkali alone caused cleavage at a lower 
rate (k = 0.6 x 10“3 min”'1'). Prior removal of the 
terminal negatively-charged N-acetylneuraminic acid 
residues of OSM considerably increased both reaction 
rates. After treatment of OSM with 0.05 N NaOH at 100 
for 30 min, one third of the protein moiety diffused 
through a cellulose membrane.
The liberation of ammonia during the degradation 
of N-acetylneuraminic acid with N HC1 at 100° was 
determined.
The various methods used in the elucidation of 
the linkage are discussed.
1INTRODUCTION
A common approach to the study of the carbohydrate-
protein linkage in glycoproteins has been the isolation
and characterization of glycopeptides after extensive
enzymic digestion of the protein moiety'1'. In the case
of the glycoproteins of the sheep and ox submaxillary
glands (OSM and BSM respectively), chemical reagents
2 3have been successfully applied to this problem.^1'
The carbohydrate of OSM consists mainly of the 
disaccharide unit N-acetylneuraminyl (2->6) N-acetyl-
4galactosamine distributed along the protein chain. 
Treatment of OSM with mild alkali, or with LiBH^ _ in 
tetrahydrofuran released about 82$ of the disaccharide 
prosthetic groups from the protein. Analysis of acid 
hydrolysates, before and after LiBH^ treatment, showed 
that concomitant with the release of prosthetic groups 
of OSM, there was a corresponding decrease in the 
dicarboxylic acid content. As the released disaccharides 
had reducing power, it was concluded that the predominant 
Non-standard abbreviations: OSM and BSM, ovine and
bovine submaxillary gland glycoprotein respectively; 
NANA, N-acetylneuraminic acid; NANA-NAG-al, a-D-N- 
acetylneuraminyl (2—^6) N-acetylgalactosamine.
2linkage of the carbohydrate to protein in OSM is of
the glycosidic ester type, involving the potential
2reducing group at Cl of E-acetylgalactosamine and, 
most probably, the ß- and Y“*carkoxyl groups of aspartic 
and glutamic acid residues respectively«
In the present paper the susceptibility of this 
linkage both to alkali and to hydroxylamine was followed 
by determining the decrease in protein-bound prosthetic 
groups. In the experiments with alkali two types of 
reaction were discernible, one being very much faster 
than the other and accounting for the release of most 
of the carbohydrate. The fragmentation of the protein 
moiety of OSM after alkali treatment was also assessed. 
The release of prosthetic groups from OSM by 
hydroxylamine occurred at a measurable rate in alkaline 
solution. Prior removal of sialic acid from OSM 
increased the reaction rate. The amide-N content of 
OSM was confirmed by a modified method,
MATERIALS
4 5The sugars used were as described previously. *
Glucose oxime (mp 140-140,5° uncorr.) was prepared
according to Wohl and recrystallized according to
7Wolfrom and Thompson .
Phosphotungstic acid was purified by the method
8of Van Slyke and Rieben
3H ydroxylam ine h y d r o c h l o r i d e  ( F lu k a  A.Gr. ,  p r a c t . ) 
was s t o r e d  a t  4°  a s  a  4M s o l u t i o n .
Sephadex G25 was a  p r o d u c t  o f  P h a rm ac ia ,  U p p s a la ,  
Sweden.
C e l l u l o s e  c a s i n g s  ( 1 8 /3 2 )  f o r  d i a l y s i s  were 
o b ta in e d  from  th e  V isk in g  C o r p o r a t io n ,  C h ica g o .
R e s in s  u sed  were Dowex 50-X4 (50 -100  mesh) and 
Dowex 1-X2 (5 0 -1 0 0  m esh ) .
P a p e r  c h ro m a to g ra p h y :  Whatman No. 1 p a p e r  was u sed
w ith  th e  s o l v e n t s
1 .  n - b u t a n o l - p y r i d i n e - w a t e r  ( 6 : 4 : 3  v / v ) ,
2 . n - p r o p a n o l - p y r i d i n e - w a t e r  ( 6 : 4 : 3  v / v ) ,
3 . n - b u t a n o l - a c e t i c  a c i d - w a t e r  ( 1 2 : 3 :5  v / v ) ,
4 .  p y r i d i n e - w a t e r  ( 4 : 1  v / v ) .
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l o c a t i o n  r e a g e n t s  f o r  s u g a r s  were p e r i o d a t e - b e n z i d i n e ,  
E lson -M organ , M organ-E lson  and a n i l i n e  hydrogen  
p h t h a l a t e ; f o r  amino compounds th e  n in h y d r in  r e a g e n t  
was u s e d .  OSM was p r e p a r e d  a c c o r d in g  to  t h e  p ro c e d u re  
d e s c r i b e d  f o r  BSM by Murphy and G o t t s c h a l k . ^
C r y s t a l l i n e  n e u ra m in id a s e  from V ib r ic  c h o le r a e  
was g e n e r o u s ly  p ro v id e d  by D r. G.L. Ada, The W a l te r  and 
E l i z a  H a l l  I n s t i t u t e ,  M e lbou rne .
METHODS
M easurem ents o f  pH were made w i t h  a R a d io m e te r  
ty p e  TTTlb eq u ip p ed  w i th  ty p e  GK 2021 B g l a s s  e l e c t r o d e .
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Sialic acid was determined by the resorcinol 
method of Svennerholm^ using crystalline NANA as 
standard*
Non-amino sugars were determined according to 
Gottschalk and Ada.'1"'1"
Hexosamine was determined according to Rondle and
IpMorgan. The carbonate-bicarbonate buffer of Iminers
13 |4and Vasseur u was also used in this procedure* Prior
to assay the material was hydrolysed with 4N HC1 at
100° for 10 hours in sealed tubes, unless otherwise
stated, and the hydrolysate dried in vacuo. Sodium
chloride, present in some samples at a final
concentration of 0.05M, had no effect on colour
formation as shown in appropriate controls*
Amino acid determinations were carried out after
hydrolysis with 6N HC1 for 20 hours at 104°G using
15the ninhydrin reagent of Moore and Stein. Dl-Leucine 
was used as standard*
Total dicarboxylic amino acids were determined
16according to Gottschalk and Simmonds*'1
Ammonia was determined after precipitation with
phosphotungstic acid according to Johansen, Marshall 
17and Neuberger unless otherwise stated*
Hydroxamic acids were measured by colour formation 
with PeCl3.lt'
i 5 .
G el f i l t r a t i o n :  Sephadex G25 was a llo w e d  to
s w e l l  i n  0 .0 5  M NaCl and th e  f i n e s  removed by r e p e a te d  
d e c a n ta t i o n .  The s u s p e n s io n  was s l u r r i e d  i n to  th e  
colum n and a l a r g e  volum e o f 0.05M  ammonium b ic a r b o n a te  
was p a sse d  th ro u g h  th e  g e l  b e d . A l l  f i l t r a t i o n s  w ere 
c a r r i e d  o u t i n  th e  same b u f f e r .  OSM was re c o v e re d  from  
th e  colum n in  9 8 .5 $  y i e l d .
Column f r a c t i o n s  were t e s t e d  q u a l i t a t i v e l y  f o r
19p r o t e i n  o r  p e p t id e  by th e  P o l in  m ethod ’ , f o r  s i a l i c  
a c id  by th e  r e s o r c i n o l  m ethod , f o r  anh y d ro  N - a c e ty l -  
hexosam ine d e r i v a t i v e s  and 2 -c a rb o x y  p y r r o le  by th e  
E h r l i c h  r e a g e n t  i n  th e  c o ld ,  and f o r  f r e e  h y d ro x y lam in e  
by th e  N i4 f -  d iace ty lm o n o x im e  sp o t t e s t . r ^
NaBH^ r e d u c t io n  was p e rfo rm ed  i n  b o r a te  b u f f e r  pH 
9 a t  24°0 f o r  6 h o u r s .  A tw ic e  m o la r  e x c e s s  o f  NaBHA 
was added  e a c h  h o u r .
U nder th e s e  c o n d i t io n s  N -a c e ty lg lu c o s a m in e  was no 
lo n g e r  d e te c te d  by th e  M organ-E lson  r e a c t i o n  a f t e r  5 
h o u r s .  E xcess r e a g e n t  was decom posed by d i l u t e  HC1 and 
th e  b o r a te  removed by r e p e a te d  e v a p o ra t io n  w ith  m e th a n o l.
OSM was t r e a t e d  w i th  n e u ra m in id a se  i n  0 .0 0 5  M Ca 
a t  pH 5 .5  and 35° f o r  20 h . 20 ,0 0 0  u n i t s  o f enzyme were 
u se d  f o r  50 to  150 mg OSM.
A lk a l i  t r e a tm e n t  o f  OSM.
2N NaOH was added  to  a  s o l u t i o n  o f  OSM to  g iv e  a
6f i n a l  c o n c e n t r a t io n  o f 4 .0  mg/OSM/ml i n  0.1N  o r  0.2N  
NaOH. A l iq u o ts  o f  2 ml w ere p i p e t t e d  i n to  s to p p e re d  
t e s t  tu b e s  in  a  r a c k .  A c o n t r o l  was im m e d ia te ly  a c i d i f i e d  
to  pH 4 to  5 w ith  a  p re d e te rm in e d  volum e o f  2 N HC1.
The ra c k  was im m ersed i n  a  b o i l i n g  w a te r  b a th .  At 
s p e c i f i e d  t im e s  tu b e s  w ere  w ith d raw n , ic e - c o o le d  and 
a c i d i f i e d  a s  a b o v e . The tu b e  c o n te n ts  were h y d ro ly se d  
w ith  4N HG1 a t  100°C f o r  8 h and a s sa y e d  f o r  h ex o sam in e . 
F ra g m e n ta tio n  o f  OSM by a l k a l i .
A s o l u t i o n  o f  25 mg OSM i n  20 ml o f  0 .05N  NaOH 
was h e a te d  a t  100°G f o r  30 m in , i c e  c o o le d  n e u t r a l i z e d  
w ith  5N a c e t i c  a c id  and d ia ly s e d  a g a in s t  3 ch an g es o f  
200 ml w a te r  f o r  72 h . The r e t e n t a t e  was l y o p h i l i s e d  
(12  mg) and th e  d i a l y s a t e  was d r ie d  i n  a  r o t a r y  
e v a p o r a to r  below  3 0 ° .
A s o lu t io n  o f  1 2 .5  mg OSM in  10 ml o f  0 .0 5  N sodium  
a c e t a t e  was d ia ly s e d  and f u r t h e r  p ro c e s s e d  a s  a b o v e .
The r e t e n t a t e s  and d i a l y s a t e s  w ere e ach  d is s o lv e d  
i n  10 ml w a te r  and a l i q u o t s  w ere a n a ly s e d  f o r  h ex o sam in e , 
s i a l i c  a c id  and amino a c i d s .
H ydroxylam ine t r e a tm e n t
A lk a l in e  h y d ro x y lam in e  was p re p a re d  by a d ju s t i n g  
one volum e o f  4M NHgOH.HCl s o l u t i o n  to  pH 1 2 .2  w ith  20 N 
NaOH and d i l u t i n g  to  two vo lum es w ith  w a te r .  A 
s o l u t io n  o f  OSM was p re p a re d  by g e n t ly  s t i r r i n g  th e
7lyophilized material in water until dissolved and 
centrifuging the solution at 28,000 g for 20 min at 4°.
A mixture of 10 ml of 0SM solution (about 2 mg 
OSM/ml) and 13 ml of alkaline hydroxylamine solution 
was adjusted to pH 12*2 and made to 26 ml. The solution 
was maintained at 37° and pH 12.2, occasional additions 
of alkali being necessary. Aliquots were withdrawn at 
2 or 3i h intervals, adjusted to pH 7 with glacial 
acetic acid and either frozen until required or applied 
directly to a Sephadex G25 column (2.3 x 35 cm, void 
volume 50 ml). Fractions of 5 ml were collected.
Maximum concentrations of protein, sodium ion and 
NHgOH were found in fractions 12, 27 and 29 respectively; 
fractions 12 and 22 had the highest sialic acid 
concentration. The fractions were pooled as follows: 
10-17, pool A; 18-25, pool B; and 26-33, pool G. For 
sugar analysis pool A was made to 50 ml and aliquots 
taken. For paper chromatography, pools B and C were 
dried in vacuo, the residues dissolved in water and 
applied to small columns of Dowex 50 (H form). The 
effluents and eluates (2N NH^) were dried separately in 
vacuo.
In control experiments NH^OH.HC1 was omitted.
As reference compounds for the chromatography of 
the sugars released by NHgOH from 0SM, glucose,
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N-acetylglucosamine and NANA-NAGal were each treated 
with 1 M NHgOH at pH 12*2 and 37° for 3 h and the 
resulting solutions processed as above* Chromatography 
of the Dowex 50 effluents in solvent 2 and location with 
periodate-benzidine reagent showed, for each sugar, 
one main spot at a higher Rp value than that of the 
untreated sugar. The spot was initially white but 
rapidly turned yellow* The ratio of the Rj, value of the 
NHgOH-treated sugar to that of the untreated sugar was
1.2 for glucose, 1.05 for N-acetylglucosamine and 1.15 
for NANA-NAGal. In the same system authentic glucose
•poxime showed two spots of Glucose 0.8 and 1.2 joined 
by a trail. The low spot, trail and high spot were 
eluted and rechromatographed. Only the high spot of Rg
1.2 was observed. In solvent 3 the NR^OH-treated and 
the untreated sugars had the same R^ value. From these 
data it was concluded that the product obtained from 
the treatment of a reducing sugar with NH^OH under 
these conditions, is probably an oxime.
The periodate-benzidine location reagent, although 
unspecific, detects very small amounts of NANA compounds 
on paper. After development of a chromatogram in this 
reagent, spots can be tested for the presence of NANA 
by excision of the spots, washing in acetone, elution 
with water and reaction of the eluate with resorcinol
reagent.
9RESULTS
Analytical Data for OSM.
The analysis of a preparation of OSM is shown in 
Table I« The amide-N value of OSM was determined on 
NANA-free OSM after hydrolysis with IN HC1 at 100° for 
3 hours. NANA-free OSM was prepared by removal of the 
residual NANA (32$ of the original NANA) of neuramini­
dase-treated OSM with 0.1N HgSO^ at 80° for 50 min.
The amide-N Values were corrected for release of ammonia 
(about 14$ of total amide-N) during this treatment.
The ammonia produced when pure NANA was heated in IN 
HC1 at 100°0 was determined (see Table II).
TABLE I
ANALYSIS OP A PREPARATION OP OSIvI*
r*
residues/10 g
N-acetylneuraminie acid 23.5 761
N-acetylgalactosamine 18.1 . 819
Dicarboxylic amino acids 821
Amide-N 0.043 31
A
Corrected for moisture and ash
0Pig. 1. Decrease in protein-bound hexosamine 
of OSM in alkali at 100°.
A A , 0.1N NaOH;
0.2N NaOH
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TABLE II
AMMONIA PRODUGEL FROM NANA BY N HCl AT 100°
Time o f  h y d r o ly s i s  
(h )
nh3- n i n  p e r c e n t  o f t o t a l  N
i* 2 3
1 1 3 .8 - 1 2 .5
1 .5 1 8 .0 1 9 .5 -
2 1 9 .7 2 1 .4 1 8 .1
3 2 2 .8 2 2 .7 2 0 .7
K - 2 4 .7 2 2 .8
o / 21M easured by m ic ro d i f f u s io n  a t  4 (T ra c e y  ) .
The d e c re a s e  i n  p ro te in -b o u n d  h exosam ine  d u r in g  a l k a l i  
t r e a tm e n t  o f OSM.
As can  be se e n  i n  F ig u re  1 th e  h exosam ine  c o n te n t  
o f  OSM d e c re a s e s  v e ry  r a p id ly  in  b o th  0 .IN  and 0 .2N  
NaOH a t  100° to  a  v a lu e  o f  a b o u t 11.# o f  th e  o r i g i n a l .
As f i r s t  o rd e r  k i n e t i c s  w ere a p p l i c a b le  to  th e  slow  
r e a c t i o n ,  a  s t r a i g h t  l i n e  was f i t t e d  to  th e  p o in t s  from
th e  0.2N  NaOH e x p e r im e n ts  u s in g  th e  m ethod o f  l e a s t
— 3  — ns q u a r e s ,  g iv in g  a  r a t e  c o n s ta n t  o f  3 .4 x 1 0  m in . The 
i n t e r c e p t  o f  th e  l i n e  w ith  th e  o r d in a t e  gave  a  v a lu e  
o f  1 0 .5 #  f o r  th e  hexosam ine  b o u n t to  OSM by a
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relatively alkali stable linkage* Assuming pseudo- 
monomolecular reaction kinetics for the fast reaction 
and correcting for the more alkali resistant hexosamine 
in OSM, a rate constant of about 4x10“"min"'1' was 
obtained. Paper chromatography of an acid hydrolysate 
of alkali treated (40 min) OSM showed the presence of 
galactosamine. When N-acetylglucosamine was heated in 
0.1N NaOH at 100° for 10 min, hydrolysed and analysed 
for hexosamine only 2.2$ was recovered.
Solutions cf OSM (about 0.4$) in 0.2N NaOH were 
heated at 100° for 5 min and 10 min and fractionated 
on a Sephadex G-25 column (2.7x46 cm, void volume 110 ml). 
The filtrate was collected in volumes of 2.6 ml. The 
fractions were combined into 2 pools: pool I (tubes
43-80) contained protein, and pool II (tubes 81-105) 
contained direct Ehrlich chromogens. The pools were 
freeze dried.
Pool I: The residue was made to 10 ml and aliquots
taken for sugar analyses (see Table III). An aliquot, 
after treatment with NaBH^_, showed no appreciable 
decrease in hexosamine content. The fast reaction is 
almost complete in the first 5 min.
Por estimation of non-amino sugars an aliquot 
was hydrolysed with 0.25 N H2S04 for 18 hours at 100°.
12.
TABLE III
RECOVERY OP BOUND CARBOHYDRATE AFTER ALKALI 
TREATMENT OF OSM
08M was heated in 0.2N NaOH at 100° for 
specified times.
Values are expressed as^amole per 100 mg 
lyophilized OSM (uncorrected for ash and 
water).
Time 
(min.)
NANA Hexosamine Recovery of 
hexosamine
%  ■
Before After 
treatment
Before After
treatment
5 67.1 5.8 71.4 6.2 8.7
10 63.4* 4.3 67.8 5.0 7.4
A different preparation of OSM was used in this 
experiment.
Semiquantitative paper chromatography gave the values: 
fucose 0.04$, galactose 0.18$, and mannose 0.14$ of OSM. 
Pool I was tested for reducing power: 1 ml of a
solution of the dried material (0.5$ w/v) was mixed with 
1 ml of 0.5M Na^CO^, 3 drops of saturated o-dinitro- 
benzene in ethanol added and the solution was heated 
in a boiling water bath. Whereas glucose and 0.3$ OSM 
solutions developed a purple colour within one min, the
13
test sample was still colourless after 3 min.
Pool II: The dried material was dissolved in water and
passed through Dowex 50 (H+ form) and Dowex 1 (acetate 
form) respectively. The effluent, dried and chromato­
graphed (solvent 1), was shown to contain small 
amounts of N-acetyl-galactosamine and chromogens I and 
III (anhydro- and dianhydro-N-acetyl galactosamine 
respectively) as located with the Morgan-Elson and 
Ehrlich reagents respectively. The 0.5N formic acid 
eluate of the Dowex 1 column, after chromatography in 
solvent 1, showed the presence of NAM-chromogen I,
4NAHA-chromogen III and pyrrole-2-carboxylic acid, 
when the chromatogram was sprayed with Ehrlich reagent.
Tn addition small amounts of NANA-NAG-al, and NANA were 
observed with the periodate-benzidine reagent.
The eluate ( 2N NH^) of the Dowex 50 column, 
when chromatographed, showed the presence of glycine, 
alanine, glutamic acid and, in addition, after acid 
hydrolysis (6N HC1, 104°, 18h), small amounts of serine, 
valine, leucine, aspartic acid and galactosamine. 
Fragmentation of OSM by alkali.
Analyses of diffusible and non-diffusible 
material from alkali-treated OSM are shown in Table IV. . 
Of the original hexosamine of OSM, 9.5% was non- 
diffusible whereas 2.5% was diffusible but non-reducible;
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TABLE IV
FRAGMENTATION OP OSM BY ALKALI
OSM, h e a te d  i n  0.Q5N NaOH f o r  30 m in , was 
d i a ly s e d .  R e s u l ts  a r e  e x p re s s e d  a s ^ m o le  
p e r  100 mg ly o p h i l i z e d  OSM.
F r a c t io n NANA H exosam ine 
a  b
N in h y d rin  
v a lu e  ±  
c c -b
A lk a l i
t r e a t e d N o n - d i f f u s ib le 7 .4 5 .8 9 5 .2 4 326 321
D i f f u s i b l e 1 8 .4 2 .2 0
1tiz
1 .5 4
2 .0 1 158 156
U n trea ted  N o n - d i f f u s ib le 5 7 .7 6 2 .3 5 3 .8 499 445
D i f f u s i b l e 0 .3 0 .3 2 0 .1 5 1 5 .2 1 5 .0
a .  H y d ro ly s is  c o n d i t i o n s :  4N HG1, 1 0 4 ° , 10h .
b and c . H y d ro ly s is  c o n d i t i o n s :  6N HC1, 1 0 4 ° , 2 0 h .
D 1-L eucine was u sed  a s  s t a n d a r d .
—Reduced w ith  NaBH^ b e fo r e  h y d r o l y s i s .
1 .2 a/o o f  th e  hexosam ine  r e l e a s e d ,  s u rv iv e d  th e  a l k a l i  
t r e a tm e n t .  N in h y d rin  e s s a y  showed t h a t  3 3 ^  o f  th e  
p r o t e i n  m o ie ty  was re n d e re d  d i f f u s i b l e .  A v a lu e  o f  35 fo 
was o b ta in e d  b ased  on th e  w e ig h t o f  n o n - d i f f u s i b l e  
m a t e r i a l  a f t e r  c o r r e c t i o n  f o r  l o s s  o f  c a rb o h y d r a te .
Two s o u rc e s  o f  e r r o r  i n h e r e n t  i n  th e  n in h y d r in  a s sa y
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were that no correction was made for ammonia as only
slight opacity was observed on addition of
phosphotungstic acid to the hydrolysates, and that
16proline, a major amino acid constituent of OSM , was 
not determined.
The molar ratio, 1.08, of hexosamine to NANA in
the control was observed regularly with this OSM
preparation: M M  residues may have been split off
during isolation and storage. The high value of NAM
in the non-diffusible alkali-treated OSM is probably
due to N-deacetylation of NANA: in the resorcinol
assay methoxyneuraminic acid gives about 20$ higher
23molar absorbance than NANA .
Chromatography in solvent 1 showed galactosamine 
to be the major Elson-Morgan chromogen in the 
hydrolysate of the non-diffusible fraction. Only 
traces of galactosamine were seen on chromatography 
of hydrolysates of the diffusible material. On 
chromatograms of both hydrolysates a less stable
chromogen (RGalactoSamine0*3) appeared- After PaPer 
electrophoresis of the diffusible material, (pH 3.5,
35 volt/cm, 2h) three main positively-charged bands 
were detected. The ninhydrin reagent revealed a band 
in the region corresponding to the neutral amino acids. 
A band, of lesser mobility reacted with periodate
benzidine and strongly with the peptide reagent. 24
16
A weak periodate-benzidine reacting band was observed 
near the origin*
Decrease of Protein-bound Prosthetic Groups in OSM 
after Treatment with NHgOH.
In preliminary experiments OSM was treated with
o PR1 M NH^OH at pH 8 and 37 ^  but no appreciable release
of prosthetic groups was observed. At pPI 12.2 and 37° 
the reaction proceeded at a measurable rate and these 
conditions were used for subsequent experiments.
Under the same conditions in the absence of NHgOH, 
prosthetic groups were released from OSM, but at a slower 
rate*
The hexosamine content of the protein fraction 
isolated by gel-filtration on Sephadex G25, was 
considered the most reliable estimate of protein-bound 
prosthetic groups. NANA determinations on the protein 
fraction gave similar results to the hexosamine assay 
but showed greater variation, particularly after long 
reaction times. The colour produced by PeCl^ with 
protein hydroxamic acids could not be used to quantitate 
the extent of the NH^OH reaction due to hydrolysis of 
hydroxamic acids in the alkaline medium and to lack 
of a suitable standard. Glucose or N-acetylglucosamine, 
vdien treated with NH^OH under the same conditions, 
gave a red colour with the FeCl^ reagent (see also 
Kaye and Kent^).
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Calculations were made assuming that 89.5$ of 
the prosthetic groups were involved in a linkage 
susceptible to hydroxylamine. It v/as considered 
unlikely that hexosamine, which is not easily released 
from OSM by alkali, would be split off by alkaline 
NHgOH at the much lower temperature used.
First order reaction kinetics were applicable 
to the rate of decrease of protein-bound hexosamine 
both in the presence and absence of NHgOH (see Figure 
2), i.e., the reactions under these conditions are 
pseudomonomolecular. Values obtained from separate 
experiments were combined to give reaction rate 
constants of
^HHpOH = 2.3xl0~5inin~~ and k0H~ = 0.6x10"'min-1.
Decrease in Protein-Bound Hexosamine of NANA-free OSM 
on Treatment with NH^OH.
A solution of neuraminidase-treated OSM containing 
about 2 mg glycoprotein per ml was adjusted to pH 1.5 
with HC1, treated for one hour at 70° and dialysed 
exhaustively. Sialjc acid assay showed that at least 
97$ of the NANA of native OSM had been removed. The 
remaining glycoprotein was treated at pH 12.2 and 37° 
with and without NH^OH as above. The results are
TIME H OUR
Dig.2. Decrease in protein-bound hexosamine of 
OSM at pH 12.2 and 37°.
O  O  > OSM; •  •  > 0SM in
1M HHpOH.
^  ^  , DANA-free OSM.
^  , NADA-free OSM in 1M NHgOH.
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shown in Figure 2. Assuming pseudo monomolecular 
reaction kinetics, the rate constant for the EH^OH 
reaction, calculated from the 3.5h value, was
kNHgOfT ' min ; for the reaction without NH^OH
^OBf1*8*10 mln . The hexosainine remaining after 7h 
and 14h treatment with NHgOH was 15*8% and 11*3% 
respectively of the original hexosainine. This supports 
the above assumption that about 10% of the hexosainine 
of OSM is in a linkage stable to NHgOH under these 
conditions*
Components of OSM released by NH^OH.
The sum of the resorcinol values of pool A and B 
showed a slight rise until 10*5 h. This may be due 
either to slow de-acetylation of NAEA to give bound 
neuraminic acid which has a higher molar absorbancy 
in the resorcinol assay, or to degradation products 
which give a colour with resorcinol. Only about 70% 
of the original hexosainine was recovered in pools A 
and B after 7h. Chromatography in solvent 2 of the 
Dowex 50 effluent of pool B showed a main yellow spot 
of NAEArUAGal oxime and a small spot of NAEA-NAGal 
using the periodate-benzidine reagent. Two weak spots 
of higher R-^  values which also appeared, were probably 
alkali degradation products of NAEA-NAGal. When the 
pool C effluent of Dowex 50 was chromatographed as
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above, a small amount of NAGal-oxime was identified* 
NAGal was observed in the same fraction of the alkaline 
control: this is consistent with the previous
suggestion that some N A M  residues were lost from OSM 
during isolation* NAGal-oxime, in large amounts, was 
also observed in pool C of NH^OH-treated NANA-free OSM 
but was not found in pool B. The separation of NANA- 
NAGal from free NH^OH and NAGal on Sephadex G25, 
arising from preferential exclusion of the fomer, may 
be due both to the higher molecular weight of NANA-NAGal 
and to its charged carboxyl group.
When the eluates of Dowex 50 were chromatographed 
in solvent 1 three ninhydrin reacting spots were 
observed for pool B: a spot near the origin, and spots
corresponding to glycine and alanine. After hydrolysis 
of the eluate two more spots of higher Rp value 
appeared. The amino compounds of pool C were 
chromatographically similar to those of pool B. As 
longer reaction times with RBE-treated OSM additional 
ninhydrin-positive spots were observed in pool C.
DISCUSSION
2Previous work showed that the predominant 
carbohydrate-protein linkage of OSM is of the 0-glyco- 
sidic ester type* Prom the analytical data presented
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here up to 97$ of the prosthetic groups of OSM could be
attached to the protein by an ester linkage. It was
found that about 90$ of the prosthetic groups are readily
cleaved from the protein by alkali. A similar result
was obtained using alkaline NHpOH at 37°. These
findings strongly suggest that about 90$ of the prosthetic
groups of OSM are engaged in glycosidic ester linkage.
Most of the carbohydrate remaining in the protein
fraction after alkali treatment of OSM was galactosamine
and sialic acid, with small amounts of the non-amino
sugars previously observed in OSM. The protein fraction
had no reducing power indicating that the residual
carbohydrate was glycosidically bound to the protein by
a relatively alkali-stable linkage. Possible structures,
in this categoiy include the N-glycosyl-amide linkage
present in the synthetic compound N-(L-ß-aspartyl)-ß-D-
glucopyranosylamine (Marks and Heuberger ) and thought
28to occur naturally in ovalbumin,^" and the 0-glycosidic 
linkage to serine and/or threonine.
Fragmentation of the protein moiety of OSM occurs 
on mild alkali treatment. One third of the protein and 
one fifth of the protein-bound carbohydrate were 
rendered diffusible under the conditions used*
It is well known that alkaline NH^OH cleaves esters 
to form hydroxamic acids. As expected alkaline HHpOH
21
released the prosthetic groups of OSM at a higher rate 
than did alkali alone. The released prosthetic groups 
were chromatographically identical with products obtained 
from NANA-NAGal and N-acetylgalactosamine when submitted 
to the same treatment. The presence of ninhydrin- 
reacting substances on paper chromatograms of the 
fractions containing material of low molecular weight 
showed that some cleavage of peptide bonds of OSM had 
occurred under these conditions. Hydroxylamine has been 
shown previously to split some peptide bonds in proteins 
and peptides. *
The susceptibility to NH^OH of the carbohydrate
protein linkage in OSM is greatly increased by removal
of the terminal NANA residues. It is known that the
acid and alcohol residues of an ester and proximal
substituting groups determine its reactivity towards
NHgOH* 9 ' A carboxyl group in the vicinity of an ester
bond depresses the reaction with alkaline NH^OH as
32shown by Hestrin " for Y“e^yl glutamic acid. As the 
reactive species in the reaction is probably the ion 
NHgO , its approach would be hindered by nearby 
negative charges. The negatively-charged carboxyl groups 
of the NANA residues of OSM may inhibit its reaction 
with NHpOH.
The susceptibility of most of the carbohydrate-
22
p r o t e i n  l i n k a g e s  o f  OSM to  m ild  a l k a l i ,  LiBH^ and NH9OH 
e s t a b l i s h e s  them to  be of t h e  g l y c o s i d i c  e s t e r  ty p e*
The m ost u s e f u l  r e a g e n t  f o r  t h i s  ty p e  o f  l in k a g e  i s  
LiBH^ w hich  s p e c i f i c a l l y  c l e a v e s  e s t e r s .  Use o f  t h i s  
r e a g e n t  a l s o  p r o v id e s  i n f o r m a t i o n  a s  t o  t h e  n a t u r e  o f  
t h e  c a r b o x y l  g roup  engaged i n  t h e  l in k a g e  and w h e th e r  
o r  n o t  th e  p o t e n t i a l  r e d u c in g  g roup  o f  th e  c a r b o h y d r a te  
i s  i n v o lv e d .  S ince  g l y c o p r o t e i n s  a r e  n o t  s o lu b le  i n  
t e t r a h y d r o f u r a n ,  a p p r o p r i a t e  p r e t r e a t m e n t  o f  the  g l y c o ­
p r o t e i n  w i th  a g e n t s  s u c h  a s  t r y p s i n  and p h e n y l i s o -  
t h i o c y a n a t e  i s  n e c e s s a r y  f o r  maximum r e a c t i o n .  K i n e t i c  
s t u d i e s  on th e  r e l e a s e  o f  c a r b o h y d r a t e  by m ild  a l k a l i  
a l s o  p r o v id e  i n f o r m a t i o n  i f  two ty p e s  o f  l in k a g e  a r e  
p r e s e n t  d i f f e r i n g  i n  t h e i r  s u s c e p t i b i l i t y  t o  a l k a l i *  
NHgOH p r o v id e s  s u p p le m e n ta ry  in f o r m a t io n  and has th e  
a d v a n ta g e  t h a t  th e  r e a c t i o n  i s  p e rfo rm ed  i n  aqueous 
s o l u t i o n .  U nder a l k a l i n e  c o n d i t i o n s  e s t e r  g ro u p s  r e a c t  
more r e a d i l y  th a n  am ides  b u t  some c le a v a g e  o f  amide 
( p e p t i d e )  bonds o c c u r s .
I t  i s  i n t e r e s t i n g  t h a t  p u re  NAM when su b m i t te d
to  th e  c o n d i t i o n s  o f  am ide h y d r o l y s i s ,  l o s e s  22 c/> o f
34i t s  N a s  NIL., S p i r o  and S p i r o  r e p o r t e d  a  v a lu e  o f  
2ha/o i n  s t r o n g e r  a c i d  c o n d i t i o n s .  "When NANA i s  p r e s e n t  
i n  g l y c o p r o t e i n s ,  h y d r o l y s i s  f o r  amide a p p e a r s  to  
c o n v e r t  a  g r e a t e r  amount o f  NANA-H t o  NH~ a s  c a l c u l a t e d
from published data: in OSM 42$^ ''', BSM 56%^,
rz c  rzAorosomucoid 58$ , and fetuin 58$ .
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PAPER 4
UNPUBLISHED WORK
ON A MORE ALKALI STABLE CARBOHYDRATE- 
PROTEIN LINKAGE IN OVINE SUBMAXILLARY
GLAND GLYCOPROTEIN
SUMMARY
Both native OSM, and OSM from which most of the 
ester-linked carbohydrate had been removed by alkali, 
yielded glycopeptides when treated with anhydrous 
hydrazine. Serine, which was invariably present in 
these glycopeptides is the residue most likely 
involved in a linkage stable to hydrazine and more 
stable to alkali than an ester. Threonine was not 
present in significant amount in any of the glycopeptide 
fractions examined. The failure to obtain more than 
traces of PTH-serine during stepwise Edman degradations, 
although the subtractive method revealed that the 
serine content was decreasing in each step, was con­
sistent with losses by ß-elimination, probably during 
coupling with phenylisothiocyanate.
These findings, together with the non-reducing 
nature of alkali treated OSM shown in the previous 
paper, suggest that the more alkali-stable carbo- 
hydrate-protein linkage present in the OSM preparation 
investigated is an O-glycoside to serine. At the time 
when the study was curtailed, there was a need for 
fractionation of the heterogeneous glycopeptide
mixture
1INTRODUCTION
Data obtained in the previous papers presented 
show that in both the OSM and BSM preparations used in 
this study, a small portion of the carbohydrate is 
attached to the protein by a more alkali-stable linkage 
than the glycosidic ester. The suggested implication 
of serine and/or threonine"*" in linkages with carbo­
hydrate was thought the most likely possibility for the 
more alkali stable prosthetic groups of OSM (10$ approx.
of total), since with the exception of glycine these
2residues a.re the most abundant in the protein. '
To investigate such a linkage it was thought that
anhydrous hydrazine might cleave the peptide bonds of
the protein and the glycosidic ester linkages, but leave
the more alkali-stable carbohydrate-protein linkage
intact. For some time it has been realized that peptide
bonds show a wide range of reactivities toward
3 4anhydrous hydrazine, and Bradbury stressed the 
importance of steric factors in the reaction of the 
relatively bulky hydrazine molecule or its hydrazonium 
ion (N^H^ ) with peptides. Recent investigations 
suggest that peptide bonds involving the amino groups 
of lysine or arginine residues, and also amino acids 
with branched carbon chains, such as valine are 
relatively stable to anhydrous hydrazine (100°, 10h).
2.
In the field of carbohydrate chemistry the reagent
has been used to effect N-deacetylation of amino sugar
6 7residues in heteropolysaccharides. * 1 The latter 
authors found that reduction of the terminal carboxyl 
groups increased the recovery and suggested that the 
glucuronic acid carboxyl group was essential for a high 
degree of N-deacetylation (60-73%).
The method has been used on OSM, or alkali treated 
OSIJ (0.01N IfeOH, 4h, 80°; see Paper 1 of thesis) to 
yield glycopeptides in which the more alkali stable 
linkages were still intact. Various fractions of the 
glycopeptide mixtures were submitted to the stepwise
o
degradation procedure of Edman,'' in an attempt to obtain 
the phenylthiohydantoin of the heterosaccharide-linked 
amino acid residue.
A considerable number of experiments have been 
performed in an unsuccessful attempt to establish the 
carbohydrate-peptide linkage. .Nevertheless, some 
results consistent with serine being involved in an 
O-glycosidic linkage to GalNH0 have been obtained and 
are briefly reported here. Threonine, which was present 
in some glycopeptides, but only in trace amounts, does 
not seem to be involved.
EXPERIMENTAL
Most materials and methods have been previously
3described. Whatman 3MM papers were washed by 
irrigation as in descending chromatography with large 
volumes of water, 2E acetic acid, water till neutral 
and ethanol. The papers were dried at 40°. 
Chromatographic butanol-pyridine-water, 6:4:3— ;
solvents: pyridine-water, 4:1— ;
butanol: acetic acid: water, 4:l:5«r.
Grlycopeptides from OSM by hydrazinolysis
The standard procedure was hydrazinolysis followed 
by preparative paper electrophoresis of the material 
remaining after extraction of amino acid and peptide 
hydrazid.es.
Both OSM and alkali treated OSM NaOH, 80°, 4h),
lyophilized after exhaustive dialysis, were used in the 
experiments. The material for hydrazinolysis was dried 
overnight over P^ O^ . in vacuo, and also in the reaction 
tube for 3-5h in vacuo.
Hydrazinolysis
Anhydrous hydrazine was prepared according to
9 10Kusama , and assayed by iodate titration.
" M RThe hydrazinolysis procedure of Wallen and Sjoholm 
was followed unless otherwise stated. For each 100mg. 
material, 1 ml anhydrous hydrazine (97.5-100$) was 
used. The aqueous phase, after extraction with 
heptaldehyde, was dried in vacuo below 25°.
4High v o l t a g e  e l e c t r o p h o r e s i s
An a p p a r a t u s  d e s c r i b e d  "by K a tz ,  D re y e r  and 
A n f i n s e r t  was u s e d .  The m a t e r i a l  f o r  e l e c t r o p h o r e s i s  
was s t r e a k e d  a l o n g  a  16 i n c h  s t a r t i n g  l i n e  on Whatman 
3MM p a p e r .  A p p l i c a t i o n s  o f  a b o u t  I m g / in c h  were found 
t o  be o p t i m a l .  E l e c t r o p h o r e s i s  was pe rfo rm ed  f o r  
1 .5 ~ 2 h  i n  p y r i d i n e - a c e t i c  a c i d - w a t e r  b u f f e r  a t  pH 3 . 5  
( 1 : 1 0 : 2 8 9 ) .  The g l y c o p e p t i d e s  a f t e r  l o c a t i o n  on g u id e  
s t r i p s  w i t h  n i n h y d r i n  and o r c i n o l  o r  p e r i o d a t e - b e n z i d i n e  
s p r a y s ,  were e l u t e d  from t h e  d r i e d  p a p e r s  a t  4°  w i t h  
w a t e r .
Two main  bands t h a t  had moved toward th e  c a th o d e  
were o b t a i n e d .  The lo w e r  one ( d i s t a n c e  moved = l^r i n c h  
a p p r o x . )  a p p e a re d  to  be m a in ly  d e g r a d a t i o n  p r o d u c t s  o f  
p a r t l y  N - d e a c e t y l a t e d  p r o s t h e t i c  g r o u p s ,  a s  i t  r e a c h e d  
p o s i t i v e l y  w i t h  E lson -M organ  and d i r e c t - E h r l i c h  s p r a y s .  
The f a s t e r  moving m a t e r i a l  ( 2 ^  = 3— i n c h )  r e a c t e d  w eak ly  
w i t h  n i n h y d r i n .  The e l u a t e s  were c o n c e n t r a t e d  on a  
r o t a r y  e v a p o r a t o r  be low  30c « F u r t h e r  f r a c t i o n a t i o n  was 
a c h i e v e d  by p a s s a g e  o f  a  s o l u t i o n  o f  t h e  m a t e r i a l  
t h r o u g h  co u p le d  columns c o n t a i n i n g  Dowex 50 (H^ fo rm )  
and Dowex 1 ( f o r m a t e )  ( s e e  RESULTS).
RESULTS
Recovery  o f  s i a l i c  a c i d
In  some e x p e r i m e n t s  a p p ro x im a te  y i e l d s  i n  th e
5.
various steps of the procedure were followed by sialic 
acid determinations (expressed as NAHA)« The results 
are shown in Table I.
TABLE I
RECOVERY OF SIALIC ACID*(AS NANA) IN VARIOUS PROCEDURES
Treatment Native OSM Alkali--treated OSM
Hydrazinolysis 37 42 40 75
Preparative Electro­
phoresis 20 52
Effluent from 
coupled columns 11 15 21 32
Expressed in percent of expected value based on 10$ 
NANA of OSM being in prosthetic groups attached by a 
more alkali-stable linkage,
Hydrazinolysis for 4h.
Stability of glycosidic linkages to hydrazinolysis
The standard hydrazinolysis procedure was tested 
on 17,5mg sucrose, a non-reducing sugar. The recovery 
of sucrose was 91$ as determined by quantitative paper 
chromatography using resorcinol-phosphoric acid spray 
reagent,
Stability of serine hydrazide to hydrazinolysis
Brom 50Qmg serine methyl ester hydrochloride
6.
dissolved in 1ml methanol, the free ester was prepared
by addition of 0.33g (0.45ml) triethylamine, and after
ice-cooling, precipitation of triethylamine hydrochloride
with some dry ether. After standing at -10° for 2h,
the precipitate was removed by filtration and the
ethereal layer concentrated in a stream of nitrogen and
finally in vacuo. The hydrazide was prepared by the
12procedure of Akabori et al. Aliquots of serine hydra­
zide, dissolved in anhydrous hydrazine were heated at 
100° for 2,4,6 and ?i h intervals. The excess hydrazine 
was removed in vacuo and the residues hydrolyaed with 
2ITHC1 for 5h at 100c . The vacuum dried hydrolysates 
were examined chromatographically with serine, glycine 
and alanine. Although the serine spot decreased in 
intensity with time, no ninhydrin positive spots other 
than one corresponding in R^ with serine were obtained# 
Hydrazine hydrochloride gave a yellow spot with 
ninhydrin and moved with R^ 0.78 in pyridine-water,
4:ll.
Amino acid content of the glycopeptides.
Glycopeptides from OSM.
The molar ratios of amino acids in the glycopeptides 
were assessed by visual examination of chromatograms 
of acid hydrolysates, (6N, 105°, 15h), after location 
with freshly prepared ninhydrin dip reagent (0.1$ in
7.
acetone). Thus it was found that the eluted glyco- 
peptide contained glutamic acid, serine, glycine, 
alanine, galactosamine, proline, leucine and valine. 
Alanine was present in 3-5 times the concentration of 
the other amino acids, although in the native glyco­
protein glycine, serine and threonine occur more 
2frequently.
An aliquot of the glycopeptide solution reacted
with direct Ehrlich reagent in the cold, indicating
contamination of the preparation with degradation
products of released prosthetic groups. The remainder
o 13of the preparation was N-acetylated at 0 and the 
reaction mixture passed through coupled columns 
containing Dowex 50 (Ii+ fom) and Dowex 1 (acetate form). 
The effluent was orcinol positive and direct Ehrlich 
negative, indicating that the direct Ehrlich chromogens 
had "been removed. An aliquot of the effluent, after 
acid hydrolysis was shown to contain glycine, serine, 
galactosamine, glutamic acid, valine and alanine in 
the approximate ratio 1:1:1:1:5, and small amounts of 
aspartic acid and threonine also.
Glycopeptides from alkali-treated OSM.
An acid hydrolysate of the glycopeptide from alkali 
treated OSM contained glutamic acid, glycine, serine, 
proline, alanine, valine and galactosamine, in the
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Pyridine-water (4:1)
Big. 1. Two-dimensional chromatogram of
Fraction 1. The dotted areas were excised 
and further characterized (see text).
8approximate molar ratios 3:1:2:1s3:1s2.
After passage of the glycopeptide mixture over 
coupled columns of Dowex 50 (H+) and Dowex 1 (formate), 
the orcinol positive effluent, on hydrolysis was found 
to contain the same amino acids in about the same 
ratio, except for glutamic acid which was completely 
absent.
v
The orcinol positive effluent was dried in vacuo 
and stored at -10° (fraction l). The Dowex 1 column 
was eluted with 50ml 0.4D formic acid (fraction 2) 
followed by 110ml N formic acid (fraction 3) and the 
eluates concentrated to dryness, fractions 2 and 3 both 
contained orcinol positive material, the former also 
reacting slightly positively with Ehrlich’s reagent in 
the cold. Althougn eluates (2N ammonia) of the Dowex 
50 column contained orcinol positive material, further 
studies on such fractions were not made since many 
ninhydrin positive compounds were shown to be present 
paper chromatographically.
Fraction 1 . 3.5rag of the material was chromatographed 
on washed 3MM Whatman paper in two directions with 
pyridine-water, (4:1— ) and butanol-acetic acid-water, 
(4:1:5^). location with ninhydrin reagent shov/ed 4 
positive spots (Fig. 1). After excision, the areas 
shown were rinsed in acetone to remove excess ninhydrin,
9eluted with water, and aliquots taken for analysis•
Only the shaded spot yielded orcinol positive material, 
which when rechromatographed in pyridine-water (4:1~) 
showed a single periodate-benzidine positive spot 
(^ Gall'JH = 0*83) • The hydrolysate of this orcinol 
positive material contained glutamic acid, serine, 
valine and galactosamine•
Fractions 2 and 5. Hydrolysates of fraction 2 contained 
glycine, serine, valine and galactosamine, whilst 
fraction 3 yielded in addition glutamic acid. In 
another experiment a peptide with a similar amino acid 
analysis v/as eluted from Howex 1, but contained no 
dicarboxylic acid. Chromatography, after hydrolysis 
showed glycine, serine, alanine, galactosamine and 
valine in the ratios 1:1:3:1:1. Such an analysis 
suggests strongly that serine is implicated in attach­
ment of galactosamine by a linkage stable to both the 
alkali and hydrazine treatments used in preparing the 
glycopeptide. Furthermore, since the fraction was 
adsorbed to an anion exchange resin, it must have 
contained an acid, sialic acid.
Attempted stepv/ise degradation study.
0The phenylisothiocyanate procedure of Edman v/as 
used, the coupling step being performed at 40° in the 
volatile triethylamine-acetate buffer pH 10.1 of
" 14Sjoquist. Extracted thiohydantoins were chromate-
* u ]_5graphed in solvents E, E and E of Edman and Sjoquist.
Fraction 1 yielded the following thiohydantoins 
in decreasing order of intensity in the first step: 
PTH-glycine, PTH-alanine, PTH-glutamic acid, PTH- 
threonine and PTK-valine.
After each of 3 degradative steps and ethylacetate
extraction, aliquots of the aqueous phase were
hydrolysed and examined chromatographically. A
progressive fall in serine content after each step was
noted, although chromatography of the extracted phenyl-
thiohydantoins did not reveal PTH-serine. There was a
marked fall in the galactosamine concentration in the
first step. This is consistent with galactosamine
being considerably N-deacetylated during hydrazinolysis
and reacting with phenylisothiocyanate. In a control,
the product of reaction between galactosamine and
l Pphenylisothiocyanate, suggested recently to be a 4-
17tetra-oxy-butyl-l-phenyl-2-thiolimidazole, was 
isolated by preparative chromatography in solvent IV
a HAof Sjoquist, ~ eluted with ethanol and an aliquot 
hydrolysed (6N HC1, 15h, 105°). No galactosamine was 
recovered.
In a number of stepwise degradation experiments, 
serine was never obtained in significant quantity as
10.
11
its phenylthiohydantoin, although the subtractive
procedure, J showed that its concentration decreased
in each step. Changes in the UV absorption spectra of
the aqueous reaction mixture during coupling with
phenylisothiocyanate, were impractical after the first
step due to very high background absorption below
18250m (see also Hirs, Moore and Stein ’).
DISCUSSION
Glycopeptides containing both sialic acid and
galactosamine have been obtained by treatment of OSM
or alkali treated OSM with anhydrous hydrazine. Sucrose
when submitted to the same treatment was recovered in
19a yield of 91%. Kaverzneva and Tsi report a similar 
recovery. All glycopeptide fractions examined contained 
serine, and most fractions also contained glycine and 
alanine, the latter being present invariably in a 
concentration 3-5 times that of other amino acids.
When threonine was present in the glycopeptides, its 
concentration v/as very low. Except for serine there 
was no other amino acid in the glycopeptides which is 
likely to be involved with galactosamine in a linkage 
relatively stable to alkali and to anhydrous hydrazine. 
The mobility of the glycopeptide fraction 1 
(RGalRH = 0*83) would indicate that it is a small 
molecule containing both sialic acid and galactosamine.
\  /C-O-RI + OH
c h2-c o 2r
\ /
C> | _ + ROH + ROH
ch- c o ;
Pig. 2c Action of alkali on ß-acyloxy esters
(R = Me, Et, etc.; R = R-CO, H.SOg, P O ^  
P0(0Ph)2, N02, SOgMe or SO^CgH^.Me - p) 
under conditions where the parent ß-hydroxy 
compounds (R = H) are not dehydrated.
Prom Linstead, Owen and Webb (1953).’
12.
During stepwise degradation of the glycopeptide mixture
Q
by the Edman procedure,0 the serine content decreased 
with each step, although PTH-serine was only observed 
in trace amounts when the extracted phenylthiohydantoins 
were chromatographed.
In the alkaline medium (pH 10.l) used for the
coupling reaction of this procedure, !\T-terminal serine,
particularly if 0-substituted by carbohydrate, may be
degraded by the mechanism of ß-elimination. When ß-
hydroxy esters and similar compounds are acylated and
subsequently treated with alkali (N Na^CO^, 48 h, room
temperature), normal hydrolysis of the acyl group may
be wholly or partly superseded by ß-elimination with
20formation of an aß-double bond. The tendency to 
eliminate increased with the acidity of R OH (Pig. 2).
piRiley, Turnbull and Wilson found that N ,o-disubstituted 
serine derivatives are even more readily converted into 
H-substituted aminoacrylic acid derivatives (N NaOH, 
5-20min, 22°; Pig.3). In sequence studies on phospho- 
serine - containing peptides using the Edman procedure, 
Naughton et al. did not obtain the phenylthiohydantoin 
of phosphoserine, but rather found that inorganic 
phosphate was liberated. Formation of PTH- and DNP- 
phosphoserine has been reported,"''" but the products
were not isolated. The evidence for PTC-phosphoserine
R -ITH-GH-GOgR
0
OPh
OPh
OH
R
GH2
-NH-C-COg
0if OPh
•; .. H + H O - P ^^OPh
Pig. 3. Conversion of diphenylphosphate ester 
of N-benzyloxycarbonylserine ethyl ester 
(R = Et; R = Ph«CH,. *0*00) to the N-benzyloxy- 
carbonyl amino acrylic acid derivative 
(Rf = Ph*CHr •0*C0) by alkali.
, , 21Prom Riley, Turnbull and V/ilson (1957).
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formation, based on a UV absorption maximum at 235-240m
during the coupling reaction, .could equally well have
21been due to PTC-aminoacrylic acid formation.
Whether O-glycosidically substituted serine residues 
in glycopeptides show this tendency towards ß-elimination 
remains uncertain. Some evidence for ß-elimination 
perhaps derives from the observation that glycopeptides 
from Taka-amylase A, which have as H-termini O-glyco­
sidically substituted serine residues, lose portion of
24their carbohydrate during dinitrophenylation at pH 10.5.
Although l-0-ß-serine-N-acetylglucosaminide has been
shown to be stable in 0.25N NaOH (approx.) at room
temperature for 3h, this property does not exclude that
ß-elimination would occur when this compound is H-sub-
stituted; the tendency for ß-elimination is known to
be much less when the a-amino group is unsubstituted
because of the inductive effect of the latter which
+ 21renders difficult the elimination of H .
In anhydrous basic reagents, degradation reactions
appear to proceed more slowly. Thus, after partial acid
hydrolysis of the hydrazinolysate of blood group A
substance of hog gastric mucus, and N-acetylation,
disaccharides such as HAG— ( ßl->3)-G-al and NAGal-( 2 ->3 )-(Gal
2fihave been isolated.^ Furthermore portion of the 
heterosaccharide of egg albumin has been reported to
-H20
slow H0-CH5-CH-C02 n h 4+ 
n h 2
HOCHrCH—CONH, -H ;0, 
NH, fastI
Hv
,C-H + CH-CONH;
0 NH2
IV v
ch=c - c o n h 2
n h 2
L  IIIl2H
CHr CH-CONH21
NH2
VI
4. Proposed pathways for degradation of
serine to glycinamide(V) and alaninamide(VI) 
in anhydrous liquid ammonia. Reduction of 
dehydroalaninamide(III) is assumed to be at 
the expense of formaldehyde(IV).
pa
Prom Chambers and Carpenter . See also 
Wieland.29
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have  s u r v i v e d  h y d r a z i n o l y s i s  (1 0 h ,  1 0 0 -1 0 5 ° )  o f  egg 
19 27a lb u m in .  Yosizawa and Sa to  s u g g e s t  t h a t  t h e  main  
d e g r a d a t i o n  r e a c t i o n s  o c c u r  when aqueous s o l u t i o n s  o f  
h y d r a z i n o l y s a t e s  a r e  p r e p a r e d  b e f o r e  c o m p le te  rem ova l  
o f  h y d r a z i n e .
The h i g h  a l a n i n e  c o n t e n t  o f  t h e  g l y c o p e p t i d e s  may 
be due e i t h e r  t o  a  l a r g e  number o f  a l a n i n e  r e s i d u e s  i n  
t h e  v i c i n i t y  o f  t h e  more a l k a l i - s t a b l e  c a r b o h y d r a t e -  
p r o t e i n  l i n k a g e s  o f  OSM, a n d / o r  t o  d e g r a d a t i o n  o f  n e i g h ­
b o u r i n g  0 - s u b s t i t u t e d  s e r i n e  r e s i d u e s  i n  h y d r a z i n o l y s i s ,
28a c c o r d i n g  t o  a s i m i l a r  scheme t o  t h a t  i n  F i g .  4 .
29W ie land  p ro p o se d  a s i m i l a r  scheme f o r  t h e  d e g r a d a t i o n  
o f  s e r i n e  by s a t u r a t e d  b a r iu m  h y d r o x i d e .  Such 
d e g r a d a t i o n  v/ould a c c o u n t  f o r  th e  low y i e l d  o f  g l y c o ­
p e p t i d e s  from OSM. I t  s h o u ld  be s t r e s s e d  t h a t  th e  
r e c o v e r i e s  i n  Table  I ,  w i l l  be maximal  due to  N - d e a c e t y -  
l a t i o n  o f  NANA d u r i n g  h y d r a z i n o l y s i s ;  i n  th e  o r c i n o l  
a s s a y  m eth o x y n eu ra m in ic  a c i d  h a s  a  much h i g h e r  m o la r  
e x t i n c t i o n  c o e f f i c i e n t  t h a n  NAM.' ""
F i n a l l y ,  t h e  n o n - s t o i c h e i o m e t r y  o f  g a l a c t o s a m i n e  
and s e r i n e  i n  a c i d  h y d r o l y s a t e s  o f  some g l y c o p e p t i d e  
f r a c t i o n s  from OSM s h o u l d  be m e n t io n e d .  T h is  f i n d i n g  
was c o n s i s t e n t  w i t h  t h e  f o r m a t i o n  o f  an a c i d  s t a b l e  
complex ( F i g .  5) by p a r t i a l  N - d e a c e t y l a t i o n  d u r i n g  
h y d r a z i n o l y s i s ,  t h u s  t r a p p i n g  b o t h  m o i e t i e s  a g a i n s t
HO H o-ch2CH-COOH
nh3+
. 5# Structure of serine-galactosaminide 
thought to arise in acid hydrolysis of 
glycopeptides prepared by hydrazinolysis.
15
3 Pchromatographic detection.' ~ The investigation 
has been curtailed, as the heterogeneity of the glycO' 
peptide mixtures obtained from OSM did not allow con­
clusive interpretation. In fciture work it would be 
essential to test the points discussed on synthetic 
models such as the ß-serine-N-acetylglucosaminide of 
Jones et al. ' and N-substituted derivatives.
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GENERAL DISCUSSION
GENERAL DISCUSSION
The work in this thesis has been mainly on OSM 
(Papers 1,3 and 4)- The drop in pH of an unbuffered 
alkaline solution (pH 10«4) of OSM, wheh heated at 
100°, has been shown to be due to exposure of acidic 
groups on the protein moiety, probably carboxyl groups, 
concomitant with the release of prosthetic groups*
By stronger alkali treatment (0.01N NaOH, 80°, 4h) 
about 82# of the prosthetic groups were released from 
OSM, A kinetic study with 0.2N NaOH at 100° showed 
that about 90% of the prosthetic groups were released 
very rapidly, the reaction being almost complete in 5 
min; the remainder were released more slowly* The 
protein moiety was appreciably fragmented by alkali 
treatment of OSM (0.05N NaOH, 100°, 30 min), one third 
being rendered diffusible* This treatment also cleaved 
about 90# of the prosthetic groups from the polypeptide 
fragments*
In a kinetic study on the release of prosthetic groups 
by alkaline NH20H (pH 12*2, 37°)»the rate of cleavage 
both by alkaline NH20H and by alkali (pH 12*2) alone, 
was found to be markedly inhibited by the negatively 
charged, terminal NANA residues of the glycoprotein.
After removal of NANA, alkaline hydroxylamine cleaved
about 90# of the NAGal - protein linkages of OSM in 
I4h.
2About 80% of the carbohydrate - protein linkages 
in OSM were cleaved by LiBH^ in THF under conditions 
where the reagent reductively cleaves ester linkages, 
and the total dicarboxylic acid content decreased by 
a corresponding amount (88%), Since LiBH^ normally 
reduces aidehydr-sugars, the recovery of released pros-
I
thetic groups as reducing disaccharides demonstrated 
that their reducing groups were involved in the LiBH^ - 
susceptible linkage.
G-lycopeptides prepared either from OSM or alkali 
treated OSM by hydrazinolysis, yielded fractions in 
which serine appeared the residue most likely involved 
with prosthetic groups of OSM in a relatively alkali- 
and hydrazine-stable linkage.
Investigations on BSM (Paper 2) showed that treat­
ment with alkali (0.01N NaOH, 80°, 4h) released 85% 
of the prosthetic groups. When BSM was submitted to 
similar LiHH^ treatment as OSM, 81% of its prosthetic 
groups were released, and there was a corresponding 
reduction in dicarboxylic acid content. Release of 
the prosthetic groups as reducing disaccharides showed 
that in BSM they were also in glycosidic linkage with 
the protein. From an acid hydrolysate of LiBH^ - treated 
BSM, homoserine and S-.AHVA were isolated and 
identified, thus establishing that in BSM, the 0- and t-
3.
c a r b o x y l  g ro u p s  o f  a s ^ p a r t y l  and g lu ta m y l  r e s i d u e s  
r e s p e c t i v e l y  a r e  i n v o l v e d  i n  e s t e r  l i n k a g e  w i t h  t h e  
p r o s t h e t i c  g ro u p s .  Thus t h e  l i n k a g e  i s  a g l y c o s i d i c  e s t e r .  
The a b se n c e  o f  g l u t a m i c  a c i d  from t h e  h y d r o l y s a t e  would 
i n d i c a t e  t h a t  p r a c t i c a l l y  a l l  g lu ta m y l  r e s i d u e s  i n  BSM 
a r e  r e d u c e d  by LiBH^ and t h e r e f o r e  a r e  m a in ly  i n  e s t e r  
l i n k a g e .
By a n a lo g y  w i t h  t h i s  more s p e c i f i c  d a t a  o b t a i n e d  
w i t h  BSM, i t  i s  assumed t h a t  t h e  g l y c o s i d i c  e s t e r  
l i n k a g e  o f  03M a l s o  i n v o l v e s  t h e  (J- and c a r b o x y l  
g r o u p s  o f  a s p a r t y l  and g lu ta m y l  r e s i d u e s .  The v a l u e  
o b t a i n e d  by LiBH^ r e d u c t i o n ,  f o r  p r o s t h e t i c  g ro u p s  
l i n k e d  i n  a g l y c o s i d i c  e s t e r ,  may be low due e i t h e r  
t o  r e s t r i c t e d  s o l u b i l i t y  o r  t o  e s t e r  g ro u p s  becoming 
i n a c c e s s i b l e  t o  t h e  r e a g e n t  b e c a u s e  o f  changes  i n  t h e  
c o n f i g u r a t i o n  o f  t h e  m o le c u l e s  as r e d u c t i o n  p r o g r e s s e d .
The ag reem en t  b e tw ee n  t h e  v a lu e  o b t a i n e d  i n  k i n e t i c  
s t u d i e s  w i t h  a l k a l i  and h y d ro x y lam in e ,  t a k e n  t o g e t h e r  
w i t h  t h e  r e l e a s e  o f  80$ o f  t h e  p r o s t h e t i c  g ro u p s  by LiBH^ 
l e a d  t o  t h e  c o n c l u s i o n  t h a t  a bou t  90% o f  t h e  p r o s t h e t i c  
g r o u p s  o f  OSM a r e  i n  g l y c o s i d i c  e s t e r  l i n k a g e  w i th  
a s p a r t y l  and g lu t a m y l  r e s i d u e s  o f  t h e  p r o t e i n  m o ie t y .
The f i n d i n g s  o f  P a p e r  4  a r e  c o n s i s t e n t  w i t h  t h e  r e m a in d e r  
o f  t h e  c a r b o h y d r a t e  b e i n g  g l y c o s i d i c a l l y  l i n k e d  t o  s e r i n e ,  
and b e i n g  more s l o w l y  r e l e a s e d  by a l k a l i ,  p r o b a b l y  by
4.
a ^-elimination mechanism as alkali fragmentation 
of the polypeptide progresses.
These investigations, along with those of others 
(Graham and Gottschalk, I960; Gottschalk and Simmonds, 
I960; Gottschalk and Thomas, 1961; Gottschalk and 
McKenzie, 1961; Gottschalk and Fazekas de St. Groth, 
1960a,b) have provided more detailed information on OSM 
than on any other known inhibitor of influenza virus 
haemagglutinin. Together with previous findings for BSM 
(Gottschalk, 1957; Gottschalk and Graham, 1959), the 
present study would seem to indicate a similar overall 
structural plan in BSM as in OSM.
The wide interest currently being shown in carbo- 
hydrate-protein linkages in glycoproteins reflects 
the importance of this problem in studies of their 
properties, functions and biosynthesis. The requisite 
data for a comprehensive understanding of carbo-hydrate- 
protein linkages are:
(a) the composition of the heterosaccharide;
(b) the amino acid residue acting as "acceptor” 
for the heterosaccharide;
(c) the monosaccharide unit of the hetero- 
saccharide involved in the linkage;
(d) the functional groups of the "acceptor" amino 
acid, and the monosaccharide respectively
engaged in the linkage i.e. the nature of the 
linkage;
5( e )  t h e  c o n f i g u r a t i o n  o f  t h e  anom er ic  c a rb o n  atom 
i n  t h i s  l i n k a g e  ( i f  i n v o lv e d ) *
( a )  The c o m p o s i t i o n  o f  d e t e r o s a c c h a r i d e s .
The s u g a r s  commonly p r e s e n t  i n  h e t e r o s a c c h a r i d e s  
a r e  t h e  amino s u g a r s  NAGaL, NAG, NANA and t h e  n e u t r a l  
s u g a r s  g a l a c t o s e ,  mannose and f u c o s e .  I n  t h e  g l y c o ­
p r o t e i n s  w e l l  i n v e s t i g a t e d ,  t h e  m o le c u l a r  w e ig h t  o f  
t h e  h e t e r o s a c c h a r i d e s  v a r i e s  from 512 i n  OSM (Graham 
and G o t t s c h a l k ,  I 9 6 0 )  t o  abou t  3500 i n  ^ - g l o b u l i n  and 
f e t u i n  ( R o se v e a r  and Smith ,  1961; S p i r o ,  1 9 6 2 a ) .  
I n f o r m a t i o n  on t h e  c o m p o s i t i o n  o f  th e  i n d i v i d u a l  
h e t e r o s a c c h a r i d e s  a l l o w s  an e s t i m a t e  o f  th e  number of  
p r o s t h e t i c  g roups  i n  e ach  g l y c o p r o t e i n  m o le c u l e ,  a 
f a c t o r  t h a t  may have c o n s i d e r a b l e  b e a r i n g  on th e  v a r i o u s  
f u n c t i o n s  o f  g l y c o p r o t e i n s .
I n  egg a lb u m in  ( N e u b e r g e r ,  1938; J o h a n s e n  e t  a l . , 
1 9 6 l )  and human ^ - g l o b u l i n  (R o se v e a r  and Sm i th ,  1961) 
i t  has b e en  e s t a b l i s h e d  t h a t  t h e  c a r b o h y d r a t e  i s  
p r e s e n t  as  one h e t e r o s a c c h a r i d e  w i t h  m o l e c u l a r  w e i g h t s  
o f  a b o u t  1450 and 3500 r e s p e c t i v e l y .  A l though  t h e  
a n a l y t i c a l  d a t a  a re  n o t  u n e q u i v o c a l ,  i t  i s  p r o b a b l e  
t h a t  i n  r a b b i t  and b o v in e  ^ - g l o b u l i n s  t h e r e  i s  a l s o  
o n ly  one h e t e r o s a c c h a r i d e .
I n  t h e  c a s e  o f  m u l t i p l e  p r o s t h e t i c  g r o u p s ,  i t  has  
b e e n  assumed t h a t  e a c h  i s  i d e n t i c a l  i n  s t r u c t u r e ,  and
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contains the sugars in the same ratio as they occur 
in the native glycoprotein* Some recent data for 
fetuin (Spiro, 1962a) and o^-acid glycoprotein (Eylar 
and Jeanloz, 1962a) where the multiplicity is low, 
suggest that this is for the most part a valid assumption. 
In oc^-acid glycoprotein however, fucose appears to 
replace sialic acid as the terminal unit in 2 carbo­
hydrate branches out of the 16 present.
In the chondroitin sulphate - protein complex, Meyer 
et al. (1953) obtained evidence that Keratosulphate is a 
second intrinsic heteropolysaccharide component and is 
in a more alkali-stable linkage. Recent investigations 
(Partridge et al., 1961; Gregory and Roden, 1961) have 
confirmed this finding. Non-amino sugars were present 
in the protein fraction after alkali treatment of OSM 
in similar amounts as have previously been determined 
(Graham and Gottschalk, I960) except for the fucose, 
which had been largely destroyed (Paper 3 of thesis)* 
Whether this represents a second intrinsic hetero­
saccharide in the OSM molecule, or is carbohydrate from 
a contaminating glycoprotein of the serum type, having 
similar physico-chemical properties as OSM, remains 
unanswered.
In Table IV data is compiled for some glyco-proteins 
having terminal sialic acid residues susceptible to
7.
n e u ra m in id a s e .  I n  t h e  b i o l o g i c a l  t e s t ,  how ever, 
o n ly  t h e  l a s t  t h r e e  i n h i b i t  i n f l u e n z a  v i r u s  
h a e m a g g lu t in in .
TABLE IV
D a ta  on h e t e r o s a c c h a r i d e s  i n  some s i a l o g l y c o p r o t e i n s .
G ly c o p r o t e in  C a rb o h y d ra te  M.W. o f  S i a l i c  H e te r o -  Amino a c id s
(MW) c o n t e n t  h e t e r o -  Acid s a c c h a r i d e s  p e r  m ole
% s a c c h a r i d e « R e s i d u e s  p e r  mole g l y c o p r o t e i n
p e r  H e t e r -  g l y c o p r o t e i n  ( a p p r o x ) * ** 
o s a c c h a r id e
e(. Acid g ly c o ­
p r o t e i n  
(4 4 ,1 0 0 ) 41 2200 (10 ) 2 • 9 240
F e t u in
(4 8 ,4 0 0 ) 22 3500 (17) 4 3 340
^ - G l o b u l i n  
( human) 
(1 6 0 ,0 0 0 ) 2. 2 3500 (19) 1 1 1420
OSM
(1x10°) 42 512 (2 ) 1 800 5270
UM
(7 x 1 0 °) 21 12300 17 120 501270
Red c e l l  
r e c e p t o r  
(3 1 ,4 0 0 ) 48 14500 (68 ) 22 1 150
* Numbers i n  p a r e n t h e s e s  r e p r e s e n t  m o n o sa c c h a r id e  u n i t s .
xx  I n  t h e  a b sen c e  o f  s t r u c t u r a l  d a t a ,  t h e  c a r b o h y d r a te  i s  assumed 
t o  be a s  one h e t e r o s a c c h a r i d e .
*xx Based on a v e ra g e  M.W. r e s i d u e  = 110.
A s t r u c t u r a l  f e a t u r e  common t o  many h e t e r o ­
s a c c h a r i d e s  o f  serum ty p e  g l y c o p r o t e i n s  i s  g a l a c t o s e  
( ß l  -  4 ) - N - a c e ty lg lu c o s a m in e .  I t s  im p o r ta n c e  was
8
emphasised recently by the isolation of a nucleotide 
in which NANA was ketosidically linked to this 
disaccharide (Jourdian et al.> 1961). The disaccharide 
occurs also in the carbohydrate moieties of gastric 
mucin (Tomarelli et al., 1954)» meconium (Kuhn and 
Kirschenlohr, 1954)» blood group substances (Cote and 
Morgan, 1956), OC^-acid glycoprotein (Eylar and Jeanloz, 
1952a) and fetuin (Spiro, 1952b).
That sialic acid is ketosidically linked to the 
galactose moiety of this disaccharide in oc^-acid gly­
coprotein has been established (Popence and Drew, 1957» 
Eylar and Jeanloz, 1952b). Partial acid hydrolysis 
studies have suggested a similar linkage in fetuin 
(Graham, 1961; Spiro, 1962b).
Partial hydrolysis with dilute acid and glyco- 
sidases has provided data on the internal structure of 
the heterosaccharides in fetuin and a L-acid glycoprotein, 
and has suggested that in such relatively large hetero- 
saccharides the mannose residues are located in an inner 
core and provide branch points. Thus for fetuin Spiro 
(1962b) has suggested that each heterosaccharide has an 
inner structure of 3 mannose and 2 N-acetylhexosamine 
residues, with the trisaccharide, sialyl-(2- ?) -Gal- 
($1-4)-NAG as 4 crunches. Similar hydrolysis studies, 
and also periodate oxidation studies (Eylar and Jeanloz, 
1962a,b) have yielded precise data on the hetero-
NANA 2 - >  4  G al £ l - * 4  NAG 1
i
4  ( o r  2 ? )
Man 1 —>4 NAG 1 - + 2  ( o r  3 ? )  Man l - > 4
4
T
NANA 2 —^ 4 G a l ß l - * 4  NAG 1
F ig , 6 . P o s s ib le  s tru c tu re  for h e te ro ­
s a c c h a r id e  of -  a c id  g ly c o p ro te in . 
M o d ified  from E ylar and Jean lo z  (1962a).
NAG
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s a c c h a r i d e s  o f  eCj-acid g l y c o p r o t e i n .  I n  a l l  t h e r e  a r e  
16 b r a n c h e s  w i t h  th e  t e r m i n a l  se q u e n c e  NANA-( 2-1;)-  
G-al- ( 0 1  -  k )-NAG and 2 more i n  which f u c o s e  r e p l a c e s  
NANA as  t e r m i n a l *
The p r o b a b l e  s t r u c t u r e  f o r  t h e  10 u n i t  h e t e r o -  
s a c c h a r i d e  o f  c ^ - a c i d  g l y c o p r o t e i n  i s  shown i n  P ig ,  6.
(b )  A c c e p t o r 11 amino a c i d  r e s i d u e s .
The amino a c i d  which seems most  f r e q u e n t l y  t o  be  
i n v o l v e d  i n  h e t e r o s a c c h a r i d e - p r o t e i n  l i n k a g e s  i s  
a s p a r t i c  a c i d .  S in c e  i d e n t i f i c a t i o n  o f  t h e  amino a c i d  
i s  made a f t e r  a c i d  h y d r o l y s i s ,  t h e  a s p a r t i c  a c i d  may w e l l  
d e r i v e  from an  a s p a r a g i n e  r e s i d u e .  Thus an a s p a r t i c  a c i d  
( o r  a s p a r a g i n e )  r e s i d u e  has  b e en  e s t a b l i s h e d  a s  " a c c e p t o r ” 
f o r  t h e  s i n g l e  h e t e r o s a c c h a r i d e  p r e s e n t  i n  egg a lb u m in  
(Cunningham and Nuenke, 1957; J o h a n s e n ,  M a r s h a l l  and 
N e u b e r g e r ,  1958 ,  1961;  Nuenke and Cunningham, 1961) and 
i n ^ - g l o b u l i n  f r a c t i o n s  o f  human, r a b b i t  and b o v in e  o r i g i n  
( R o s e v e a r  and S m i th ,  1958, 1961; Nolan  and Sm i th ,  1 9 6 2 a , b ) .
A s p a r t i c  a c i d  a p p e a r s  most  l i k e l y  t o  be i n v o l v e d  i n  
l i n k a g e  w i th  h e t e r o s a c c h a r i d e s  i n  f e t u i n  a l s o .  A l th o u g h  
a n a l y s e s  o f  t h e  f e t u i n  g l y c o p e p t i d e s  i n d i c a t e d  e i t h e r  
a s p a r t i c  a c i d  or  s e r i n e  r e s i d u e s  a s  p o s s i b l e  " a c c e p t o r " ,  
f r e e  s e r i n e  was r e l e a s e d  f r o n  some f r a c t i o n s  by c a r b o x y -  
p e p t i d a s e .  F u r th e r m o r e ,  t h e  n o n - s t o i c h e i o m e t r i c  amounts
o f  amino a c i d s  p r e s e n t  i n  some f r a c t i o n s  s u g g e s t  t h a t  
t h e  h e t e r o s a c c h a r i d e - p e p t i d e  l i n k a g e  i s  p a r t l y  h y d r o l y s e d
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by the non-specific plant proteases used in preparing 
the glycopeptides (Spiro, 1962a). A serine-O-glycoside 
or serine-O-ether linkage is unlikely to he substrate 
for papain, but it is feasible that a linkage via 
aspartic acid, which is most likely an ester or amide 
would be susceptible to a non-specific protease.
Furthermore, Nolan and Smith (1962b) have suggested 
inter conversion of ot- and ß-aspartyl derivatives, 
known to occur in aqueous solutions at 100°> as a 
possible reason for slow liberation by leucine 
ami nopeptidase of aspartyl residues, originally (&-* 
substituted by the heterosaccharide of y'-globulin.
From a study of glycopeptides derived in very low 
yields (3%) from ovomucoid by both chemical (10^ > Ba(0H)2, 
12h at reflux) and enzymic methods, Tanaka (1961) con­
cluded that the heterosaccharides are linked through 
aspartyl (or asparaginyl) residues. Evidence has also 
been obtained which suggests that at least portion of the 
heterosaccharides of c^-acid glycoprotein are linked to 
the protein via aspartyl (or asparaginyl) residues 
(Kamiyama and Schmid, 1962; see also Izumi et al.,
1961). The low yield of glycopeptides obtained from 
oC^-acid glycoprotein by the former authors does not 
invalidate the suggestion that glutamic acid (or glutamine)
’’acceptor*' in some of the heterosaccharide-peptide linkages 
(Winzler and Inouye, 1961).
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The presence of serine and threonine in high 
concentrations in the blood group specific substances 
led Werner (1953) to suggest that they may be important 
in carbohydrate-protein linkages. The first report of 
such an "acceptor" was that of Masamune et al. (1956) 
who cited the isolation of the reducing compound 
N-acetylglucosamine-galactoside-serine ether from pig 
stomach mucus in a crystalline state. Evidence that 
in the chondroitin sulphate-protein complex of tracheal 
cartilage, the linkage is through serine has been 
provided by Muir (1956)* The susceptibility to very 
dilute alkali of the linkage in both the native complex, 
and a preparation after papain digestion, and which was 
rich in serine, was interpreted to indicate a lactone or 
ester between the acidic groups of chondroitin sulphate and 
the hydroxyl group of chondroitin sulphate and the 
hydroxyl group of serine. Similar findings have been 
reported by Kohler and Schwabe (1961) for chondroitin 
sulphates, obtained by different methods of extraction.
Recently, Hartley and Jevons (1962) obtained a 
glycopeptide from ovomucoid with aspartic acid, serine, 
glycine, threonine, alanine, leucine and galactosamine in 
the molar ratio 1:1:1 :l :l :0. 5:8 to 5 moles hexose.
Prom this preparation they could prepare DNP-aspartic acid 
by the Sanger and Thompson (1953) procedure. Since 
Johansen et al (1961) were unable to obtain DNP-aspartic
12
acid from their egg albumin glycopeptide by the same 
procedure, although the aspartyl (or asparaginyl) residue 
was N-terminal, Hartley and Jevons concluded that this 
amino acid residue was not involved in linkage with the 
heterosaccharide_($) of ovomucoid, and that therefore 
serine and/or threonine might be involved. Threonine 
has also been suggested as an "acceptor" in some heteros­
accharide-peptide linkages of oci-acid glycoprotein (izumi 
et al.,1961). The analytical data however, suggest a 
rather heterogeneous glycopeptide preparation.
The only linkage of this nature that seems established 
occurs in the crystalline enzyme Taka-amylase A, where 
the heterosaccharide is linked to serine (Tsugita and 
Akabori, 1959)*
(c) The monosaccharide unit in carbohydrate-protein
linkages.
Very little is known about the actual sugar unit of 
heterosaccharides involved in linkage to the polypeptide 
chain(s) of glycoproteins. Neuberger (1938) had noted 
the presence of Ehrlich positive chromogens (anhydroglucos- 
amines) after alkaline hydrolysis of his "polysaccharide" 
from egg albumin. There is now evidence highly suggestive 
that in egg albumin an N-acetyl-glucosamine residue is 
involved in the linkage. Kaverzneva and Tsi (1961) have 
obtained a non-reducing heterosaccharide, free of amino
acids, but containing the constituent sugars in the same 
ratio as present in native egg albumin (5 mannose: 3 glucos­
amine). A fraction in which sugars were in the ratio
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5 mannose; 2 glucosamine was also obtained. This 
suggests that a glucosamine residue has been e^qposed 
at the reducing end and has been degraded during hydraz- 
inolysis, or in the subsequent isolation procedure 
(see Yosizawa and Sato, 1962), by deamination and/or 
formation of anhydroglucosamine derivatives. The non­
reducing nature of the above heterosaccharide is consistent 
with the intact glycosylamine being released by hydrazinol- 
ysis, although foiroation of the hydrazone or azine by 
condensation between an unmasked reducing group and 
hydrazine cannot be excluded.
Rothfus (1961) has evidence that glucosamine is 
involved in the heterosaccharide -protein linkage of 
human ^-globulin. After periodate oxidation of a 
glycopeptide, reduction with NaBH^, preparative ehromat- 
ogrphy, and hydrolysis of the eluted material, glutamic 
acid, aspartic acid, and glucosamine were recovered in 
equimolar ratio.
The data of Tsugita and Akabori (1959) does not 
exclude that hexosamine is involved in linkage to serine 
in the glycoprotein present in Taka-amylase A. Although 
2 moles of hexosamine are present in the crystalline 
glycoprotein, no hexosamine was identified in the 
glycopeptides. The analytical procedure, however, 
consisted of partial acid hydrolysis (2N HC1, 100°, lh), 
passage of the hydrolysate over Dowex 50 (H+ form) to
14.
isolate neutral sugars, elution of peptides with 5N 
ammonia, and, after concentration to dryness, hydrolysis 
of the eluted material (6NHC1, 100°, 5~10h)* In such a 
procedure N-acetylhexosamine, deacetylated during the 
initial hydrolysis, would have been absorbed to the Dowex 
50 resin. It is doubtful whether hexosamine v/ould survive 
successive concentration in 5N ammonia and strong acid 
hydrolysis, because of its known susceptibility to such 
treatments (Taka, 1961; Tracey, 1952; Johansen, Marshall 
and Neuberger, i960).
The recent studies on the carbohydrate structures 
in fetuin and -acid glycoprotein are of interest with 
regard to the possibility of N-acetyl hexosamine units of 
heterosaccharides taking part in the carbohydrate-protein 
linkage. In both glycoproteins the hetero-saccharides 
are branched structures, which contain primarily mannose 
and hexosamine units in their inner-most core. Whilst 
no conclusion has been reached in the case of fetuin (Spiro, 
1962b), Eylar and Jeanloz (1962a) obtained a crystalline 
octasaccharide with N-aeetylgiueosaraine as its reducing 
terminal from ee-acid glycoprotein. Together with 2 
molecules of N-acetylneuraminic acid in terminal positions, 
this heterosaccharide (MV/ 2060 approx) may well be the 
heterosaccharide of a^-acid glycoproteins. This appears 
the more likely from recent findings of Kamiyama and 
Schmid (1962). These authors prepared a glycopeptide
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containing only Q% peptide material from ee^-acid glyco­
protein, and found for it a molecular weight of 2600, 
comparable with that above for the structure of Eylar 
and Jeanloz when approximations made in calculating 
partial specific volumes are considered.
Isolation of the prosthetic groups of BSM and OSM 
(Gottschalk and Graham, 1959; Graham and Gottschalk, I960), 
and elucidation of their structures as the disaccharide, 
6-(X-D-sialyl (2-»6)- NAGal, established that in these 
inhibitory glycoproteins NAGal is directly linked to the 
protein.
As far as is known glycoproteins do not occur in their 
native state with reducing groups exposed, although exper­
imental data are liable to be mis-interpreted in the case of 
ester linkages or any alkali sensitive linkage involving 
potentially reducing groups. Thus a solution of OSM in
0.5N NaoC0 was found to be reducing within 1 min when 2 3
heated in a boiling water bath (Paper 3 of thesis).
Gibbons (1959) found that purified carbohydrate-protein 
complexes from bovine cervical mucin gave a positive Morgan- 
Elson test for N-acetylhexosamine, and that the intensity 
of the colour increased with time of heating in 0. 05N Na9C0 , 
to a maximum value of about 30 min.
A model has been proposed for the chondroitin- 
sulphate-protein complex of bovine hyaline cartilage, 
in which 23 chondroitin sulphate chains are distributed
16
along a protein core (Partridge, Davis and Adair, 1961).
This conclusion however, was based on reducing values 
obtained by heating in alkaline solutions.
(d) The nature of the heterosaccharide-amino acid linkage
Heterosaccharides linked with aspartic acid are often 
located within a peptide sequence, thus indicating that 
the linkage is via side chain carboxyl groups. This 
perhaps affords protection of the linkage against hydrolysis 
by proteolytic enzymes, since et-ester, like cC-amide (peptide) 
linkages are generally susceptible to proteinases such as 
trypsin or Chymotrypsin (Neurath and Schwert, 1950).
Rosevear and Smith (1950,1961) used similar reasoning in 
considering the linkage in glycopeptides from human 
y'-globulin fractions. In all glycopeptide preparations 
obtained by digestion of globulin fractions with papain, 
the heterosaccharide-linked aspartyl residue occupied the 
C-terminal position. Whether this is due to the presence 
of a bond particularly susceptible to hydrolysis by papain, 
or whether this residue is actually C-terminal in the 
native glycoprotein is unknown. Nolan and Smith (1962b) 
favour the latter alternative.
Other than in the present study of OSM and BSM, 
the precise nature of the linkage involving aspartic 
acid (or asparagine) residues has been investigated in
detail only in egg albumin. The characteristic feature 
of this linkage, first noted in 1938 Dy Neuberger, is
HCXj?
> och2^ o
HO
NHCOCH2NH2
HO OH
Fig • 7 * G ly c in am id e  r ib o tid e
N -G ly c y l-5  '-p h o s p h o r ib o fu ra n o s y -  
la m in e .
From P e a b o d y , G o ld th w ait and G reenberg  (1956).
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liberation of ammonia under mild conditions of hydrolysis
(N HoS0 9 100°, 4h; Johansen et al. , 1958, 1961),
2. 4
The structure consistent with all available data was 
considered to be a N-L-ß aspartyl glycosylamine 
(Johansen et al., 1961; Nuenke and Cunningham, 1961).
It has an analogue in glycinamide ribotide (N-glycyl- 
5’-phosphoribofuranosylamine; Fig.7) an intermediate in 
biosynthesis of purines, and from which amide ammonia is 
quantitatively evolved by N HC1 at 100° in 2h (Peabody, 
Goldthwaite and Greenberg, 1956; Hartmann et al. , 1956).
In this connexion the observation of Izumi et al.(1961) 
that glycopeptide preparations from e^-acid glycoprotein, 
when hydrolysed with dilute acid, evolve ammonia at a 
rate similar to egg albumin glycopeptides, may be 
significant.
Some evidence has been advanced that in human ^ -globulin 
an amide linkage between the ß-carboxyl 'group of an 
aspartyl residue and an amino group of glucosamine may be 
involved. The glucosamine was considered to be situated 
within the heterosaccharide chain, and to be stable towards 
periodate oxidation due to 1,3 or 1,4 substitution (Rothfus 
1961). A glycosidic ester linkage may perhaps be excluded 
since periodate oxidation was carried out in N NaOH. In 
the absence of quantitative data concerning the acetyl or 
’’labile ammonia” content, the structure may be interpreted 
equally well in terms of a 3- or 4- 0 - substituted
H3C CH 3 
N
HOCH2
H .N -C H -C O -N H  OH
F ig . 8 . P u rom ycin .
6 -D im e th y la m ln o -9 -  3 ~ (p -m e th o x y - 
L -pheny  la la n y  lam ino) - ß - D -  
rib o fu ra n o sy l p u r in e .
From B aker and  Schaub (1955).
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glycosylamine structure involving N-acetylglucosamine 
at the reducing terminal of the heterosaccharide. The 
suggestion of Y/inzler and Inouye (1961) that glutamic 
acid is linked with glucosamine in &,-acid glycoprotein 
also invokes such amide structure. Again there is a 
naturally occurring analogue for this structure in the 
antibiotic, purornycin (Pig. 8). In this compound, the 
amide linkage is between a 3-amino-3-heoxy-ß-D-ribosyl 
residue and methoxy- L - tyrosine (Baker and Schaub 1955)*
The amide linkage is well established as linking N- 
acetyl-muramic acid residues to the peptide moiety in 
bacterial cell walls (Ghuysen, 1961). The amino group 
involved is not however that of a hexosamine residue, but 
rather the amino group of L-alanine residues, invariably 
present as N-termini of crosslinking peptides in these 
complexes. The carboxyl groups of this amide linkage are 
provided by N-acetylmuramic acid (3-0-OC-carboxy- ethyl-N- 
acetylglucosamine) residues in the heteropolysaccharide 
chain.
Since a possible method for discrimating between the 
N-glycosyl amide linkage and the acylated glucosamine 
linkage, is liberation of ammonia under mild conditions of 
acid hydrolysis, it may be profitable in this context to 
mention the high ammonia content of acid hydrolysates of 
sialoglycoproteins.
A number of investigators have commented on abnormally
Degradation of N Acetyfneuraminic Acid by Mineral Acid
HOOC
I
1h 1
OH
I
-C —
OH
I
-C— -CH,OH
NHAc O
NHAc
I
COOH—C(OH)=CH— CHOH— CH— (CHOH)— CH3OH 
Hj °  J NHAc
COOH—CO— C H=CH — CH— (CHOH)—CH2OH
t”+ NHAc
I
COOH— C(OH)=CH— C H =C — (CHOH)— CH2OH
1H+NAc
I
COOH— CO—CH— C H -C — (CHOH^-CHjOH 
COOH— CO— (CH,)— CO— (CHOH^—CHjOH +  CH3-C O -N H 2
’1H+cyclizotton ^
Furan derivatives
potym «rizahon
Hu min
+ h , o | h+
CHj -COOH +  NHj
Fig. 9, Degradation of N-acetylneuraminic 
acid by mineral acid.
From Gottschalk (1962a)
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high ammonia concentrations in total acid hydrolysates of 
glycoproteins (Polkes, Grant and Jones, 1950; Gibbons, 1959; 
King, Pielden and Boyce, I960). It is unlikely that 
formation and destruction of glycosylamines, by condensation 
between reducing sugars and amino acids, will contribute 
to this ammonia, since glycosylamine formation is pH 
dependent (Gottschalk, 1952a) and is inappreciable below 
pH4. In dilute solution (0. 25%w/v or less), carbohydrate 
has little affect on most amino acids during acid hydrolysis 
(Dustin, Czajkowska, Moore and Bigwood, 1953; Burke, 1961).
Sialic acid is the most likely source of ammonia, 
although hexosamine also decomposes with liberation of 
ammonia under strong acid hydrolysis conditions (Polkes 
et al. , 1950; Johansen et al. , I960). Prom the difference 
between the amide - N evolved from OSM and BSM before and 
after removal of the sialic acid (Gottschalk and Simmonds, 
I960; Paper 2 of thesis), it can be calculated that 42% 
and 56% of the total N of the respective sialic acids is 
evolved as ammonia.
The possible mechanism by which ammonia is released 
from N-acetylneuraminic acid during acid hydrolysis has 
been suggested by Gottschalk (1962a). It depends upon 
release of the acetamido group as acetamide, after successive 
enolization, dehydration and rearrangement (Pig. 9).
Under the hydrolysis conditions used for amide N deter­
mination (N HGI or 2N HCI, 100°), as N deacetylation occurs
o
H-C-OH
HO-C-H CH
H -C -O -C O -C -N H
CH
F ig . 10. 4 -L -a la n y l-D -x y lo p y ra n o s e  
From H ochsträsse r (1961).
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degradation will proceed via an alternative pathway» 
presumably according to the mechanism proposed for 
formation of the chrornagen in the direct Ehrlich assay 
for sialic acids (Gottschalk, I960). Thus the rate of 
evolution of NANA - nitrogen as ammonia during acid 
hydrolysis decreases with time (Paper 3 of thesis).
Ester linkages between amino and carbohydrate 
residues occur in natural products. Ribitol and glycerol 
phosphate polymers, known as teichoic acids, are wide­
spread in bacterial cell walls. They are probably best 
known for the extremely reactive esters of Q-alanine 
which they contain. The marked lability of the alanine 
ester residues towards alkali, even arnmoniaeal solvent 
systems which cause cleavage during chromatography, and 
their rapid reaction with hydroxylamine was recognised 
in 1938. "We believe that this is the first authentic 
example of the occurrence of an at-amino acid ester in 
Nature" (Armstrong et al., 1958). The ester involves 
the 2- or 3- position on ribitol residues (Armstrong 
et al., 1961; Baddiley et al. , 196l).
Another ester linkage between carbohydrate and 
peptide, susceptible to alkali (N Ba(OH) 100°, Ihr) was 
found in barley albumin. From the trypsin digest of a 
formic acid hydrolysate (5N formic acid, 12h, 100°),
the reducing, strongly basic, ninhydrin positive compound 
4-L-alanyl-D-xylopyranose (Fig.10) was isolated (Hochsträsser,
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1961).
A variety of sugar esters in various plant 
species such as strawberries and Petunia hybridia 
were recently reported (Corner and Harbourne, I960; 
Birkhofer et al., I960, 1961). They are all B-D- 
glucosidic esters containing as aglycones C-*-Cg acids 
such as hydroxy cinnamic, p-coumaric and caffeic acids, 
important in biosynthesis of plant pigments (Paech, 1955)* 
Sensitivity to mild alkali seems to be characteristic of 
sugar esters, especially glycosidic esters. Zenk (l96l) 
reported that l-(indole-3-acetyl)-p-D-glucose, isolated 
from the leaves of Colchicum neapoliturn.Ten, was saponified 
at room temperature by N KOH or ammonia. Acid hydrolysis 
(2N HCI, 100°) achieved the same result.
The pseudo first order rate constant obtained in Paper 
3 for decrease in protein bound hexosamine of OSM during 
treatment with 0. 2N NaOH at 100° (3xl0-1min""1), and 
considered to be a measure of rate of saponification of 
the glycosidic ester linkages, cannot be directly compared 
with that obtained by Marks and Neuberger (1961) for 
hydrolysis of N-(L-$-aspartyl)-ß-D-gluco-pyranosylamine 
under the same conditions (5*5xlO“3min~3).
Whereas the linkage in the synthetic model was 
stable in 0. 5N NaOH for 7h at room temperature, with
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the purified glycopeptide from egg albumin in which the 
ct-COOH of aspartic acid is peptide linked, Johansen et. al., 
(1961) noted instability of the carbohydrate-peptide 
linkage when the glycopeptide was subjected to ammoniacal 
solutions at pH 9 or above for more than 3h at room 
temperature. It appears therefore that the liability of 
the 0-aspartyl-glycosylaraine linkage to alkali is 
increased considerably when the ec-carboxyl group of 
aspartic acid is involved in peptide linkage. During 
the kinetic study on the action of hydroxylamine on OSM 
(Paper 3)> the stability towards alkali engendered by 
dissociated carboxyl groups, in this instance, those of 
NANA residues, was noted; in control solutions held at 
pH 12.2 the first order rate of decrease of protein bound 
prosthetic groups due to the alkaline environment
increased from 0.öxlO^min“1 for native OSM to 1.8x10“  ^
min”1 for NANA-free OSM.
The latter compound is probably a valid model of the 
carbohydrate-protein linkage in egg albumin, even if, 
as already discussed the linkage is of the N-acetylgluco- 
saminylamine type, since 2-anino-2-deoxyglyeosylamines 
and 1,2-bis-(acetamido)-1,2-dideoxy-D-glucose have been 
found to closely resemble their non-nitrogenous analogues 
in reactivity (Poster and Horton, 1959)* The recent 
studies of the carbohydrate structure in fetuin (Spiro, 
1962b) and eci-acid glyco-protein (Eylar and Jeanloz,
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1962a), in which partial acid hydrolysis was used, are 
interesting however, because the disaccharides, tetras- 
accharides and octasaccharide obtained each had hexosamine 
at the reducing end, indicating that N-acetyl-hexosaminide 
linkages may be more acid labile than galactosidic or 
similar linkages.
Stereochemistry of the linkage.
Concerning the stereochemistry of the hetero­
saccharide-protein linkage nothing is known at present*
A step in this direction has been the synthesis of 
glycosidically linked carbohydrate-amino acid model 
compounds. It is to be hoped that future research will 
add to the available methods for linkage determination in 
glycoproteins, specific enzymes, such as the Streptomyces 
amidase (Ghuysen, 1961), which cleaves the amide link 
between NAMur and L-alanine in bacterial glycopeptides.
2 4 .
A sse ssm e n t  o f  methods u se d
Then e s t e r  l i n k a g e s  i n v o l v e  c a r b o h y d r a t e ,  LiBH^, 
b e s i d e s  b e i n g  s p e c i f i c  f o r  e s t e r s  and i n d i c a t i n g  t h e  
c a r b o x y l  g ro u p  i n v o l v e d , a l s o  shows w h e t h e r  th e  p o t e n t i a l  
r e d u c i n g  g ro u p  o f  t h e  c a r b o h y d r a t e  i s  i n  t h e  l i n k a g e  o r  
n o t .  P r o t e i n  e s t e r s  g e n e r a l l y  undergo  q u a n t i t a t i v e  
r e d u c t i v e  c l e a v a g e  by l iB H ^ , a l t h o u g h  p r o t e i n  i s  i n  th e  
i n s o l u b l e  p h a s e .  As m en t ioned  e a r l i e r  ( S e c t i o n  4 0 ) ,  
ovomucoid w i t h  a  m o l e c u l a r  w e ig h t  o f  2 8 ,8 0 0 ,  and c o n t a i n i n g  
a b o u t  25% c a r b o h y d r a t e ,  u n d e rw en t  a lm o s t  q u a n t i t a t i v e  
r e d u c t i o n  by XiAlH, i n  T T - e th y l - m o r p h c l in e , t o  y i e l d  0 .8  
mole p h e n y l a l a n i n o l  p e r  mole ovom ucoid , t h u s  showing t h a t  
c a r b o h y d r a t e  had n o t  i n t e r f e r e d  w i t h  d i s p e r s i o n  o f  ovomucoid 
i n  t h e  r e a c t i o n  medium.
With  t h e  h i g h  m o l e c u l a r  w e ig h t  g l y c o p r o t e i n s  used 
i n  t h e  p r e s e n t  s t u d y ,  p r i o r  f r a g m e n t a t i o n  o f  t h e  m o le c u l e ,  
and' c o u p l i n g  w i t h  p h e n y l i s o t h i o c y a n a t e g r e a t l y  improved 
th e  e x t e n t  o f  r e a c t i o n *  P r io r  rem ova l  o f  NANA, o r  t h e  u s e  
o f  m e t h y a l ,  r e p o r t e d  t o  be a n  e x c e l l e n t  s o l v e n t  f o r  
p o l y c a r b o x y  and p o l y h y d r o x y l  compounds, d id  n o t  improve 
r e a c t i o n .  I t  was t h o u g h t  t h a t  t h e  20% p r o s t h e t i c  g r o u p s ,  
r e m a in i n g  bound t o  t h e  p r o t e i n  a f t e r  BiBH^ r e d u c t i o n  co u ld  
be e s t e r  t h a t  was i n a c c e s s i b l e  t o  LiBH^ due to  r e s t r i c t e d  
s o l u b i l i t y  o r  to  c h an g e s  i n  t h e  c o n f i g u r a t i o n  o f  th e  
m o l e c u l e s  as  r e d u c t i o n  p r o g r e s s e d .
25.
Jhus methods in aqueous solution were applied, 
Various conditions of alkali treatment, and especially 
the kinetic study, together with the results of 
hydroxylamine experiments supplemented the results of 
Lit 11^  reduction, and yielded a more reliable quantitative 
result for the glycosidic ester linkages. The wide varia- 
'jj.^ n in reactivity both of ester and amide linkages with 
hydroxylamine, precludes a comparison of the experiments 
on CSlu (Paper 3) with those of ITuenke and Cunningham 
(1961) on egg albumin.
As determined by the orcinol reagent for EANA, 
aoouc < 0 fo C-L .he prosthetic groups that are released from 
uuiing liBH^ reduction are destroyed. The equimolarity 
v.- iM.bj.iiA an-., hexosamine remaining bound to the protein after 
LrPH^ treatment, indicates that degradation of the carbo- 
h y  raue occurs after its linkage with the protein has been 
reductively cleaved. Cleavage of the ketosidic linkage of 
— --, presumably v/hilst in the intermediate boron complex 
woulu render BABA undetected by orcinol reagent, as is the 
case in the direct Ehrlich assay after NaBH reduction of
pi
free 1TABA (Heixaer and Meyer, 1956; Walop, 1960).
fery little is known about the action of 
organo-metallic hydrides on glycosidic linkages. In 
aqueous medium, lactose, after prolonged reaction with
Fig. 11 . M ethy l-3 ,4 -an h y d ro -ß -D -g a lac to - 
pyranoside (I) and the LiAlH^ 
reduction product, m ethyl-3-deoxy- 
ß -D -galactopyranoside (II)
From D ahlgard, C hastain  and Han (1962).
2 6 .
NaBH^ ( 2 -3  days)  a t  room t e m p e r a t u r e  y i e l d e d  30 fo s o r b i t o l ,  
due to  c l e a v a g e  o f  t h e  g l y c o s i d e  (Hough, Jo n e s  and R i c h a r d s ,  
1 9 5 3 ) .  I n  anhy d ro u s  e t h e r ,  a t  room t e m p e r a t u r e ,  m e t h y l -  
3 , 4 - a n h y d r o - ß - D - g a l a c t o p y r a n o s i d e  ( P i g .  1 1 . ,  I )  was 
r e d u c t i v e l y  c l e a v e d  by LiAlfL , t o  g iv e  73 fo m e t h y l - 3 - d e o x y -  
ß - D - g a l a c t o p y r a n o s i d e  ( I I ) .
The v a lu e  o f  an hydrous  h y d r a z i n e  a s  a  r e a g e n t  f o r  
p r e p a r i n g  g l y c c p e p t i d e s , i n  w h ic h  t h e  r e l a t i v e l y  a l k a l i  
s t a b l e  l i n k a g e s  r e m a in  i n t a c t ,  i s  d i f f i c u l t  t o  a s s e s s .
The dependence  o f  t h e  r e a g e n t  on s t e r i c  f a c t o r s  g i v e s  r i s e  
t o  m i x t u r e s  h e t e r o g e n e o u s  i n  s i z e ,  and i n  c h a r g e ,  due t o  
v a r i a b l e  d e g re e s  o f  N - d e a c e t y l a t i o n .  A s tu d y  on model 
s e r i n e - O - g l y o o s i d e s  i s  e s s e n t i a l ,  t o  d e te r m in e  t h e  e x t e n t  
o f  d e g r a d a t i o n ,  and w h e th e r  t h e  h i g h  a l a n i n e  c o n t e n t s  
o b t a i n e d  d u r i n g  t h e  work o f  P a p e r  4 a r e  due to  s low  
ß - e l i m i n a t i o n .
C o n c lu d in g  Remarks
I n  th e  a n im a l  g l y c o p r o t e i n s  i n v e s t i g a t e d  i n  d e t a i l ,  
a s p a r t i c  a c id  ( o r  a s p a r a g i n e )  a p p e a r s  t o  be one ,  i f  n o t  t h e  
o n ly  " a c c e p t o r "  amino a c i d  r e s i d u e .  I n  g l y c o p r o t e i n s  
• i n h i b i t o r y  f o r  i n f l u e n z a  v i r u s  h a e m a g g l u t i n i n , where t h e  
number o f  h e t e r o s a c c h a r i d e s  i s  v e r y  h i g h ,  g l u t a m ic  a c i d  
r e s i d u e s  e r e  a l s o  i m p l i c a t e d .  A l th o u g h  s e r i n e  and t h r e o n i n e  
a r e  m a jo r  c o n s t i t u e n t s  o f  th e  p r o t e i n  m o ie ty  i n  t h e s e  g l y c o ­
p r o t e i n s ,  on ly  f o r  t h e  f u n g a l  a m y la s e ,  T ak a -am y lase  A, does 
u n e q u i v o c a l  e v id e n c e  f o r  su ch  an  " a c c e p t o r "  r e s i d u e  o b t a i n .
2 7 .
-The d a t a  o b t a in e d  so f a r  f o r  g l y c o p r o t e i n s  a r e  
c o n s i s t e n t  w i t h  N - a c e t y l  hexosarnine b e in g  a t  t h e  r e d u c i n g  
end j f  h e t e r o s a c c h a r i d e s ,  and p a r t i c i p a t i n g  i n  l i n k a g e  
w i th  t h e  '’accep to r* '  r e s i d u e  v i a  i t s  p o t e n t i a l  r e d u c i n g  
g ro u p ,  i h e  l i n k a g e s  formed a p p e a r  t o  be N - g l y c o s y l  am ides  
o r  O - g l y c o s i d e s .
E s t e r  l i n k a g e s  be tw een  amino a c id  and c a r b o h y d r a t e  
r e s i s u e s  o c c u r  i n  n a t u r a l  p r o d u c t s .  However, o t h e r  t h a n  i n  
th e  p r e s e n t  s t u d y ,  e s t e r  l i n k a g e s  i n v o l v i n g  a s p a r t y l  and 
g lu ta m y l  r e s i d u e s ,  o r  g l y c o s i d i c  e s t e r  l i n k a g e s  i n v o l v i n g  
any amino a c i d  r e s i d u e s ,  have  n o t  b e en  d e s c r i b e d .
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